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ABSTRACT

TWO PARTICLE CORRELATIONS AND EXCITED STATE POPULATIONS IN

NUCLEUS-NUCLEUS COLLISIONS

By

Fan Zhu

Two particle correlation functions and excited state populations were measured for

the 3He + Ag reactions at E/A=67 MeV and the 36Ar + 197Au reactions at E/A=35

MeV. In the former experiment, measurements were performed with a position sen-

sitive high resolution hodoscope as a standalone device. In the latter experiment,

measurements were performed by combining the high resolution hodoscope with the

Miniball, a 47r multifragment detection array.

These two experiments addressed several outstanding problems in the interpre-

tation of two particle correlation functions and emission temperatures. For the 3He

+ Ag reactions at E/A=67 MeV, p — p and d — a correlation functions were mea-

sured to address the scaling of two particle correlation functions with the size of the

projectile. These measurements revealed that the correlation functions for charged

particles scale naturally with the radius of the projectile, consistent with an emission

volume which is initially defined by the overlap of a much smaller projectile with a

much larger target. The radii extracted from d — a correlations were much smaller

than the ones extracted from p — p correlations, an effect which may be related to the

fact that deuterons and (1 particles have shorter mean free paths within the nuclear

medium. The populations of excited states were also measured at forward and at



backward angles in order to compare the emission temperatures for pre-equilibrium

and equilibrium emission mechanisms. A low emission temperature of about 1 MeV

was obtained for 6Li particles evaporated at backward angles. This low temperature

was consistent, however, with a hybrid pre-equilibrium transport and equilibrium

evaporation model. Much larger temperature of about 4 MeV were observed for

pre—equilibrium processes measured at forward angles.

Impact parameter selected excited state populations were measured for 36Ar +

19“'Au reactions at E/A=35 MeV in order to better understand the population inver-

sions observed in a previous measurement of 1“N + Ag reactions at E/A=35 MeV.

These impact parameter selected measurements revealed such population inversions

to be an effect most prominent in low multiplicity peripheral reactions. When the

multiplicity of charge particles is increased to the value consistent with central colli-

sions, the excited state population approaches the statistical model predictions for T

a: 4 MeV.



To my wife

Jia Lu
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Chapter 1

Introduction

1 .1 Overview

For low incident energies, the reactions between target and projectile nuclei happen

slowly and can be frequently separated into two steps, the formation of a compound

nucleus and the subsequent particle emission from this compound nucleus [Bohr 36].

Experimentally measured particles thus mainly reflect this later stage of the reaction,

in which one has a fully equilibrated compound nucleus. In more energetic intermedi-

ate energy nuclear reactions, this two step reaction assumption is not valid any longer.

Particle emission process occurs throughout the reaction, as the system evolves from

initial contact to a fully equilibrated residue. Because two particle correlation func-

tions are sensitive to the space-time extent of the reaction region, such measurements

have been used extensively to study the space-time evolution of the nuclear reaction

[Gelb 87, Boal 90b]. These measurements generally reveal larger measured correla-

tion functions for higher energy particles corresponding to smaller source sizes, and

smaller correlation functions for lower energy particles corresponding to larger source

sizes. Such observations are consistent with the emission of more energetic particles

during the earlier stages of the nuclear reaction, where the source size more closely

approximates the overlap volume of the projectile and target nuclei and the emission



of lower energy particles during later stages of the nuclear reaction when the system

becomes equilibrated and the source size and lifetime are much larger. If this inter-

pretation is correct, such energy dependences should be most dramatic for light ion

induced reactions on heavy targets, due to the extreme difference between the small

size of the initial configurations involving the overlap of projectile and the target,

and the much larger size of the equilibrated target-like residue. Contrary to this

simple picture, comparison of two proton correlation function for p and 14N induced

reactions on a Ag target, displayed no sensitivity to the size of projectile, casting

serious doubt upon the connection between the correlation function and source size

[Cebr 89]. These measurements, however, included all protons above threshold, and

were therefore dominated by low energy protons which may contain large contribu-

tions from compound nuclear evaporation processes. In this dissertation, I present

measurements of the 3H6 + Ag reaction at Ebeam=200 MeV, which have helped to

resolve this controversy [Zhu 91].

The investigation of the properties of nuclear matter at high temperature and

density (T > 0, p > p0) is a primary motivation for measurements of heavy ion reac-

tions. If local thermal equilibrium is achieved in a nuclear reaction, the temperature

of the excited nuclear system can be obtained from measurements of the population

of excited states. Systematic studies of the incident energy dependence of the ex-

cited state populations over an energy range of E/A = 20 — 200MeV were consistent

with a gradual increase in temperature with incident energy in the range of 3-5 MeV

[Gelb 87, Chen 87a]. A recent test of the concept of local thermal equilibrium, how-

ever, revealed population inversion in the excited states of lOB nuclei emitted in the

14N + Ag reaction at E/A = 35MeV, in addition to non-thermal populations for

many other intermediate mass fragments [Naya 89, Naya 92]. It is conceivable that

this effect may be primarily due to contributions from peripheral reactions which



may be dominated by non-equilibrium transport phenomena [Awes 84, Vand 84]. In

my second thesis experiment, we measured 36Ar +197 Au reactions at E/A=35 MeV,

using the Miniball 47r array as a reaction filter in order to investigate whether these

non-thermal excited state populations disappear for central collisions [Zhu 92].

1.2 Intensity Interferometry

When two identical particles are emitted from a source at small relative momenta,

their wavefunction will manifest interference effects. These effects stem from the

quantum symmetry of the wavefunction with respect to particle exchange; their na-

ture depends upon whether the particles obey Bose-Einstein or Fermi-Dirac statistics.

These identical particle effects are sensitive to the phase space proximity of the two

particles and therefore are not only sensitive to their relative momentum, but also

to their spatial proximity and the time of emission from the source. Hanbury-Brown

and Twiss (HBT) were the first to take advantage of these interference effects and

developed a two photon intensity interferometry method in 1956 to measure the di-

ameter of bright visual stars [HBT 56]. Since then, this method has been extended

to measurements in nuclear physics and particle physics to measure the space time

extent of sources for particle emission [Boal 90b].

The intensity interferometry method was first applied to nuclear or particle physics

by Goldhaber et al in 1960 to the interpretation of correlation between identical pi-

ons [Gold 60]. Early theoretical investigations of pion correlations were carried out

by Kopylov [Kopy 74]. Later on, measurements of pion correlations in reactions be-

tween complex nuclei were performed by a number of investigators [Fung 78, Zajc 84,

Gelb 87, Boal 90a]. To illustrate how one can extract a source size from this method,

let’s consider this example of pion interferometry as indicated in the schematic dia-



 

Figure 1.1: Schematic diagram showing intensity interferometry. It is sensitive to the

source size and life time.



gram in Figure 1.1. Let’s assume that two pions are detected from the same reaction

event in coincidence, and p(:r, p) = p(:r)-P(p) be the impact parameter averaged space

time probability distribution of pion emission with momentum p from the reaction;

here, both x and p are four vectors, :1: = (F,t),p = (13',E). P(p) is the probability

of detecting pion with momentum p in singles. If the two pions are emitted incoher-

ently at space time points :31, 237;, the joint probability P(p1,p2) of observing the two

pions with momentum p1 and p2 is frequently approximated by the overlap of their

individual probability distributions and their final state wave function.

P(P1,P2)=/ I‘M-”131,191,552,le '2 p(x1)P(p1)p(:rg)P(p2)d4:r1d4x2 (1-1)
SOUTCC

where ‘II(:I:1,p1, x2,p2) is the wave function of the two pions with momentum p1 and

P2-

If one assumes for simplicity, that the interactions between the pions are weak,

and one neglects the Coulomb final state interactions with the rest of the system, one

can approximate the relative wave function by

\I;($1 P1332 P2) : _1_[eiP1171 eipzrz + eimr2eip2r1] (1.2)

, ’ «5

A correlation function may be defined in terms of the two particle and single particle

momentum distributions,

P(PlaP2)

P(P1)P(P2) (1.3)

1+ 12091492) =

where P(p1,p2) is the probability of detecting the two pions in coincidence, and P(pl)

and P(pg) are the probabilities of detecting one pion in singles. After a few simple

manipulations, we can get a formula for the correlation function,

1‘3(<1)=l1““12(q)|2 (1-4)



where F12(q) is the Fourier transformation of the source density distribution p(:r),

F1201) = feiqu(I)d4$ (1-5)

and q = p1 — p2 is the relative momentum of the two pions.

From Equation 1.4 the correlation function is simply related to the Fourier trans-

form of the source density. Clearly, it is sensitive to the space-time extent of the

source for pion emission. One may use this property to measure the source size and

lifetime of pion emission.

To give a concrete example, we further approximate the source space and time

distributions by Gaussian distribution functions

1 —r2/rg 1 —t2/T2

P(iF) =P(1‘at)= We F7276 (1-5)

After performing the Fourier transformation, we obtain the correlation function,

1 1

1+ R(q,E)= 1+ exp(—-2-q2rg — 5E27'2) (1.7)

where r0 is the radius and T is the lifetime of the emission source. Figure 1.2 shows

a plot of the correlation function as a function of the two pion relative momentum

for different values of the source radius parameter m. For simplicity, the lifetime T

is chosen to be zero. All correlation functions display maxima at q = 0 due to Bose

statistics when the pions are in the same momentum state. It is important to note

how the correlation function depends on the source size parameter m. For smaller

source radii r0, the peak in the correlation function extends to larger values of relative

momenta q. Similarly, as the source lifetime is decreased for fixed source radius, the

peak in the correlation function also extends to larger values of the relative energy E.

In this fashion, measurement of the correlation function are sensitive to the size and

the lifetime of the source which emits pions.
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Figure 1.2: Theoretical calculation of pion - pion correlation functions, assuming a

gaussian source distribution with lifetime 1‘ = 0.



In intermediate energy heavy ion interactions, the pion multiplicity is too small for

practical pion-pion correlation function measurements. Comparable information can

be obtained from proton-proton correlation measurements using a technique proposed

by Koonin in 1977 [Koon 77]. Unlike pions, the interactions between the two protons

are influenced by the strong nuclear interaction as well as the Coulomb interaction in

addition to the identical particle effects, which govern the pion correlations. Unlike

pions, the total wave function of the two protons will be antisymmetric with respect

to the exchange of the two particles because protons are fermions. The space wave

function for the two protons is spatially symmetric when the proton spins are in the

antisymmetric spin singlet state and spatially antisymmetric when the protons are in

the symmetric spin triplet state. If we assume the spin triplet and singlet state are

populated randomly in phase space, then the spatial wave function can be written as,

1 1 2 3 3 2

‘1’12(P1,P2)= Z I ‘I’q(7‘)| +1 I ‘I’q(7‘) I (1.8)

where ‘11,](1‘) is the wave function corresponding to the spin singlet state 53 (8:0),

and \Pg(r) is the wavefunction corresponding to the spin triplet state 5? (8:1). Due

to the strong nuclear interaction between the protons, the Schrodinger equation must

be solved numerically to get the wave function. In order to extract the source size,

a simple Gaussian source density distribution function is frequently be assumed for

proton emission,

 
1 2 2 1 2 2

_ —(r—V t) /r _ —t /T
p(r,t) —— 7r3/2r36 ° Owl/276 (1.9)

where r0 represent the size of the emission source, and T represent the lifetime of

the source. If one assumes, for simplicity, a negligible nuclear reaction lifetime, one

obtains in analogy of Equation 1.7,

l

1+R(P1,P2) = mfdr€$P(—7‘2/27‘ci)



{fil v.0) |2 +2 I 3%(7‘) I2} (1.10)

Correlation functions have been calculated with Equation 1.10 using two proton wave-

function W12(p1, p2), which was obtained by numerically solving the Schrodinger equa-

tion with the Reid soft core nuclear potential [Reid 68]. The resulting correlation

function is shown in Figure 1.3. At q z 0, the long range repulsive Coulomb in-

teraction between the two protons prohibit the two protons ever having exactly the

same momentum, so R(q) = —1. The correlation functions shows a maxima at q z 20

MeV/c due to the attractive strong interaction between the two protons in the singlet

state 5'3. At larger relative momenta q > 80 MeV/c, the interactions between the

two protons are much weaker and the correlation function vanishes.

The magnitude of the maximum at q as 20 depends on the spatial overlap of the

two detected protons. Due to the short range of the nuclear force, the smaller the

source size and the shorter its lifetime, the more likely the two protons will have

strong final state interactions, correspondingly larger correlation functions. This is

illustrated in Figure 1.3, for the limit of instantaneous emission. Clearly, the peak of

the correlation function increases with decreasing To, the radius of the gaussian source

for proton emission. Similarly, for fixed source radius, the peak of the correlation

function will increase for decreasing source lifetime.

This property has been widely used to measure the source size and lifetime in

the heavy ion induced reactions [Gelb 87, Boal 90a]. Generally, the measured cor-

relation functions increase monotonically with the energy of the emitted protons

[Lync 83, Chen 87a]. This can be explained by considering the time dependence of

preequilibrium processes as schematically described in Figure 1.4. Generally speak-

ing, when a light projectile impinges upon a heavy target, the highest energy particles

are emitted during the earliest stage of the nuclear reaction, and the correlation func-
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tion therefore reflects a small source size corresponding to the overlap of the projectile

and the target at the time of initial contact. As the nuclear system evolves toward

equilibrium, slower, ie, lower energy protons are emitted; the correlation functions for

such lower energy protons will reflect the larger source size at this later stage of the

nuclear reaction. Such energy dependence of correlation functions might be expected

to be most dramatic for light ion induced reactions on heavy targets, due to the

extreme difference between the small size of the initial configurations involving the

projectile and a few target nucleus and the much larger size of the equilibrated target-

like residue. A comparison of two-proton correlation functions for p+Ag and 14N +

Ag reactions at 500 MeV, which included all protons above the detection thresholds,

however, displayed practically no sensitivity to the size of the projectile [Cebr 89],

casting doubt upon the connection between two particle correlation function and the

size of the emitting source. In this thesis, measurements of two-proton correlations

were performed for 3He induced reactions as functions of the energies of the detected

protons. These measurements were compared to other measurements performed with

heavier projectiles in an effort to resolve this controversy. This comparison suggests

a natural scaling of the correlation functions for energetic protons with the projectile

mass. The extracted source size scale with Ag;- [Zhu 91].

1.3 Temperature of nuclear excited system

In phase space models, particle production is largely determined by the internal en-

ergy per nucleon of the system, or equivalently by the nuclear temperature. While

intensity interferometry provides information about the space time evolution of a

nuclear reaction, information about the manner in which the system distributes its

energy into internal and collective degrees of freedom requires additional observables.

In intermediate energy collisions (MeV 10 < E/A < 100 MeV) the extraction of
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Figure 1.4: A schematic diagram showing the evolution of the nuclear reaction from

initial contact to the final and more equilibrium stages.
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information about the internal excitation of the system is complicated by the impor-

tance of pre-equilibrium emission mechanisms. Indeed, the time honored technique

for deducing the nuclear temperature from kinetic energy spectra of emitted particles

turned out to be more sensitive to collective motion than to internal excitation.

To better understand this point, let us consider how temperature has been pre-

viously measured in nuclear physics. Considerable effort has been expended in the

investigation of the temperatures of compound nuclei formed in low energy nucleus

reactions. In such collisions, the reaction can be separated into two steps, 1) the

formation and 2) the decay of a compound nucleus as proposed by Bohr in 1936

[Bohr 36]. In such compound nuclei, all degrees of freedom are populated according

to the available phase space. From detailed balance, one may show that the energy

spectra of emitted particles are proportional to a Boltzman factor,

J20"
_ E/fl'

 (1.11)

where E is the kinetic energy, and T is the instantaneous emission temperature defined

as

1 _ dllnp(E*)I
7, _ (1E, . (1.12)

Here p(E"‘) is the level density and E’“ is the excitation energy of the daughter nucleus

after emission of the particle of interest [Weis 37]. By measuring the energy spectrum,

the temperature of the emitting system can therefore be deduced.

In the relativistic ( E/A > 0.5GeV/A ) nuclear interactions, the nuclear fireball

model has been invoked to explain the exponential or thermal slopes of the proton

energy spectra [West 76]. This model assumes a thermally equilibrated participant

zone formed by the overlap of projectile and target nuclei. This region is assumed

to contain most of the incident energy of the participant nucleons from the projectile
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and target nuclei which lie in the overlap volume; the other nucleons form the spec—

tator matter which remains relatively cold. The temperature of such fireballs can be

deduced by generalizing the thermal properties of a compound nucleus and fitting the

kinetic energy spectrum of participant nucleons by a Maxewellian distribution. Gen-

erally, spectral temperatures thereby deduced, increase with increasing beam energy.

At recent AGS eXperiments at 14.5 GeV/A, similar analyse of the transverse energy

spectra for different particles have yielded temperatures ranging from 126 MeV to

187 MeV [Abbo 90].

In both of these two extreme energy domains, the nuclear temperature plays an

important role in describing the nuclear reaction.

At intermediate energies, similar analyse has been performed to deduce tempera-

tures by fitting the energy spectra, with a non-relativistic Maxewellian distribution,

dza E
: — _ 3/T

dEdQ CVE V66

E, E—I/C+Eo—2\/Eo—Vccosfl. (1.13)

Here Vc is the kinetic energy gained by the Coulomb repulsion from the emitting

 

12mvz, where m is thesource, T is the temperature of the emitting source, and E0 =

mass of the detected particle, v is the velocity of the source in the laboratory frame.

0 is the angle of the emitted particle in the laboratory frame.

While the kinetic energy spectrum is easy to measure in an experiment, it can

have many non—thermal contributions from collective motion which may sufficiently

enhance the spectral temperature as to render it useless for determining the internal

excitation of the reacting system. One must therefore investigate different observables

in order to deduce the temperature. One such technique involves the measurements

of the populations of excited states [Morr 84, Poch 85]. It relies on the fact that when

thermal and chemical equilibrium is achieved in a nuclear reaction, the populations of



15

excited states of a fragment which is in equilibrium with the remaining large system

will obey the Boltzman distribution,

21 = e—(EI—Esz, (1,14)

n2

Measurements of excited state populations were initially performed for particle

stable excited states [Morr 84, Xu 86, Lee 90]. In this case, the excited state pop-

ulations were deduced from measurements of 7 rays in coincidence with fragments

detected in their ground states. For example, if a 7Li" nucleus in its 0.478 MeV ex-

cited state is emitted in the 1“N + Ag reaction, the '7 ray decay of this excited nucleus

may be deduced from the coincidence detection of a 7Li in its ground state and a

0.478 MeV 7 ray. Singles measurements of this 7Lz' yield provides information about

the sum of the yield in the 0.478 MeV particle stable excited state and in the ground

state. The ratio of the population of 6Li nuclei in the 0.478 MeV excited state to

the total particle stable yield can be deduced and used to extract the temperature of

the emission system via Equation 1.14. The extracted temperatures from such lower

lying particle stable excited states are extremely low ( T x 1 MeV) [Morr 84]. This

occurs because the sequential decay from high lying excited states of heavier nuclei

preferentially feed the ground state populations and consequently alter the ratio of the

excited state population to the ground state population. Nevertheless, information

about the temperature of the system can be obtained if one measures a large number

of particle stable excited states [Xu 86]. If such data are compared to calculations

which account for the sequential decay, much larger temperatures of about 3 MeV

have been obtained from the decay of particle stable excited states [Xu 86, Lee 90].

Above the particle decay threshold, high lying excited states will preferentially

decay by particle emission. Here the intervals between energy levels can be rather

large, and subsequently, the sensitivity of temperatures extracted from these lev-
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els to sequential feeding is smaller [Poch 85]. A large number of experiments have

been performed to extract the excited state populations of emitted particle unstable

fragments. Shown in Figure 1.5 are the emission temperatures extracted from the

populations of excited states as a function of incident energy for a variety of reac-

tions. Three open squares and solid circles are from ref. [Chen 87b], they represent

temperatures extracted for the 16O + 197Au reaction at E/A=94 MeV [Chen 87b],

the 4°Ar + 197Au reaction at E/A=60 MeV [Poch 87], and the 14N + 197An reaction

at E/A=35 MeV [Chit 86]. The solid square corresponds to the 14N + Ag reaction

at E/A=35 MeV [Naya 92]. The open diamond corresponds to the 4°Ar + 197Au

reaction at E/A=200 MeV [Kund 91]. The solid diamond corresponds to the 14N

+ Ag reaction at E/A=35 MeV [Bloc 87]. These data points were extracted from

the populations of particle unstable excited states. We also show the temperature

extracted from particle stable excited states. The open circle corresponds to the 32S

+ Ag reaction at E/A=22.3 MeV [Xu 89]. There appears to be a slight increase of

the extracted temperatures with increasing incident beam energy. Considering the

wide energy range from E/A = 22.5 — 200 MeV, nevertheless, the temperatures ex-

tracted from excited state populations do not increase very much and are far below

the temperatures extracted from kinetic energy spectra with Equation 1.13. The

solid and dashed lines correspond to BUU calculations for emission temperatures of

an equilibrated target—like residue produced in 4°Ar + 124Sn collisions at an impact

parameter of b = 0, with stiff (dashed line) and soft (solid lines) equation of state

(EOS) [Xu 92]. The BUU calculations qualitatively reproduce the measured emis-

sion temperatures. Calculations assuming a stiff EOS yield larger temperatures than

calculations assuming a soft EOS.

Measurements of excited state population can also be used to test if the thermal

equilibrium is reached in a heavy ion reaction. For example, in thermal particle



17

 

 

T
(
M
e
V
)

 

  O '- I I I I I I I I I11IIIIIIIIIIIIIIIIIIIIIILLHLLIJ I I I I I I IF

10 20 3O 50 70 100 200

Blah/A (MeV)

Figure 1.5: Systematic measurement of emission temperature from excited state pop-

ulations as a function of incident beam energy. The lines are BUU calculations and

the points are experimental measurements.
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production models, populations of more than two excited states of a given nucleus

must all be consistent with a single temperature. Such a test has been performed

for the 14N + Ag reaction at E/A =35 MeV [Naya 89, Naya 92]. The measured

population probabilities of excited states in 1°B nuclei are shown as solid points in

Figure 1.6, as a function of the excitation energy. The third group of excited states at

E" z 6 MeV does not follow the exponential decrease of the population probabilities,

a trend expected from the Boltzman factor. Even sequential feeding calculations,

shown as shaded rectangles in the figure, performed for an initial temperature of

T = 4 MeV, do not exhibit a population inversion and therefore can not explain

the big discrepancy displayed for the third excited state. Non-statistical populations

were also observed for other fragments emitted in this reaction. These non-statistical

populations suggest that the system has not yet reached equilibrium.

This previous measurement, however, was performed without an impact parameter

selection. The observed non-statistical populations might be another manifestation

of non-equilibrium excitation energy distributions observed previously for peripheral

collisions [Awes 84, Vand 84]. More exclusive measurements are clearly needed to

address this question.

For the 36Ar +197 Au reaction at E/A =35 MeV, we measured excited state popu-

lations with the high resolution hodoscope and used the charged particle multiplicity

in the MSU Miniball 47r multifragment detection array as an indicator of the central-

ity of the nuclear reaction [Kim 89]. With this array, it was possible to distinguish

peripheral collisions at large impact parameters which lead to the production of only

a small multiplicity of charged particles, from central collisions at small impact pa-

rameters which produce a large multiplicity of charged particles.

The thesis is organized as follows. Details of the experimental apparatus are

given in chapter 2. Detailed data analysis procedures, including calculations of the
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at E/A =35 MeV [Naya 89].
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hodoscope response function and corrections for sequential feeding, are discussed in

chapter 3. Investigations of the 3H6 + Ag reaction at Ebeam = 200 MeV are discussed

in chapter 4. Investigations of the 36Ar +197 Au reaction at E/A = 35 MeV are

discussed in chapter 5. A summary is given in chapter 6.



Chapter 2

Experimental Details

This thesis consist of the results of two distinct experiments. Two major appara-

tus have been used to perform these experiments, 1) a 13 element high resolution

hodoscope and 2) the MSU 41r Miniball array. For measurements of the 3He + Ag

reaction at Ebcam = 200 MeV, the hodoscope alone was used to measure the particle

coincidence events. For the 36Ar + 19“’Au reaction at E/A = 35 MeV, the hodoscope

was modified to fit into the MSU 41r Miniball array. In this latter experiment, the

decays of particle unstable fragments were gated by the impact parameter filter de-

duced from the charged particle multiplicity measured by the MSU 41r Miniball array.

These two devices are described in more detail in this chapter.

2.1 The 13 elements high resolution hodoscope

and 3He + Ag reaction at Ebeam = 200 MeV

A hodoscope has been developed to measure the decays of particle unstable interme-

diate mass fragments [Mura 89]. Since the cross section and the energy separation of

the relevant excited states of these fragments are often small, this array must have

both high efficiency and high excitation energy resolution. In order to achieve a high

efficiency for detecting the coincidence particles, a big solid angle coverage is essential.

21
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So the hodoscope is located very close to the target. In order to have a good excita-

tion energy resolution, both good energy resolution and good angular resolution of the

two individually detected decay particles which are emitted by the particle unstable

fragment are essential. AE — E telescopes consisting of silicon detectors and NaI(Tl)

scintillators provide the necessary energy resolution and particle identification. Two

orthogonal single wire gas counters are placed in front of each telescope to give an

x-y position readout. The resulting hodoscope therefore provides good resolution for

both energy and position measurements.

2.1.1 general description of the hodoscope

The front view of the 13 element hodoscope is shown in figure 2.1. It consists of 9

light particle telescopes and 4 heavy fragment telescopes. Each light particle telescope

consists of a 200 pm non—planer surface barrier silicon detector of 450 mm2 surface

area, a 5mm lithium drifted silicon detectors (Si(Li)) of 500 mm2 surface area and

followed by a 10cm thick NaI(Tl) stopping detector. The 5 mm Si(Li) detectors were

fabricated with a total dead layer less than 15 pm. This dead layer occurs at the back

surface of the detector which faces the NaI(Tl) detector. The light particle telescopes

are optimized to detect light particles of Z _<_ 2 and can stop protons of 200 MeV

energy. The heavy fragment telescopes were originally designed to detect charged

particles with Z 2 3. Each telescope consists of 75 pm and 100 pm of surface barrier

silicon detectors of 300 mm2 surface area, and a 5 mm Si(Li) detector of 400 mm2

surface area. In our measurement of 3He + Ag reactions at 200 MeV beam energy,

light ions of Z S 3 fragments were the main focus of the measurement, however. To

increase the energy dynamic range of the heavy fragment telescopes, an additional

5 mm Si detector was added to the back of each heavy fragment telescope. The

position information for each individual telescope is obtained with two single wire
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Figure 2.1: Schematic diagram of front view of the high resolution hodoscope, it

consists of 9 light particle telescopes (LP) and 4 heavy fragment telescopes (HF).
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gas proportional counters, each providing one coordinate of the x - y read out. These

gas counters are placed at the front of each telescope. The front and rear windows

of the gas counters are 6 pm Mylar ((CloH304),,) aluminized on the interior side to

provide a cathode surface. A 1.5 pm Mylar foil, aluminized on both sides, separates

the x and y position counters. Anode wires made of 7.6 pm wire, bisect each of the x

(or y) counters. These wires are insulated from the body of the proportional counters

by a G-10 feedthrough.

The efficiency and long term stability of the gas counters were tested with a

variety of gas mixtures. A mixture of 80% Isobutane ((C'H3)2CHCH3) and 20%

methylal (CH2(OCH3)2) was chosen to reduce the possibility of aging effects caused

by polymerization on the cathode and anode surfaces [Naya 92]. The gas counters

operate at gas pressures ranging from 50-100 torr and voltages ranging from 900-

1250V. A typical setting was 80 torr and 1200V. The 4 heavy fragment detectors were

grouped together and controlled with one gas handling system, the 9 light particle

detectors were grouped together and controlled by another gas handling system. A

constant gas flow rate is maintained for all telescopes such that 20% of the counter

gas was replaced every minute.

2.1.2 Energy calibration

The energy calibrations were performed separately for the Silicon detectors and the

NaI(Tl) detectors. The linear response of the silicon detectors to the energy deposition

by the ions makes its energy calibration quite straight forward. An energy deposition

of 3.61 eV will produce an electron hole pair in a silicon detector [Goul 82]. A precision

capacitor of 4.432 pf can be used to inject charge into the preamplifier input, which

insures that a 10 V voltage tail pulse will inject a charge equivalent to 100 MeV energy

deposition in the silicon detector. Different energy depositions in the silicon detector
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can then be simulated by different voltages on the pulser. A precision calibration of

the overall normalization of the pulser system was done by comparing to signals from

an 2“Am alpha source. The extension of this calibration to higher energies was done

by using the precision potentiometer of the pulser at different potentiometer settings.

Gain shifts of the electronics during the experiment were monitored by pulsers applied

to the test inputs of the preamplifiers. An 2“Am alpha source was used before and

after the experiment to further monitor the gain shift of the silicon detector.

Because of the nonlinear response of NaI(Tl) detectors to energy and because

the detectors responded differently to different particle types, very detailed energy

calibrations have to be done for each particle type. Recoil protons, produced by the

bombardment of a polypropylene(CH2) target by 200 MeV 3H6 ions, was used to

calibrate the NaI(Tl) detectors. Additional energy calibration points were obtained

by cross calibrating against the energy loss in a 5 mm silicon detector. The gain shift

of the NaI(T1) detector was stabilized by monitoring gain shifts using the particle

identification lines in the AE — E spectrum, shown in Figure 2.2.

2.1.3 Gas detector position calibration

When a charged particle passes through the gas detector, it ionize the gas inside

the gas counter. The ionized electrons drift and diffuse along the electric field lines

to the anode wire, where they are multiplied. Since the electric fields are roughly

perpendicular to the wire, the charge density along the wire (x direction ) is a direct

reflection of the x coordinate of the fragment’s trajectory through the gas counter.

Charge sensitive preamplifiers are connected to both ends of anode wire to amplify

the charge which flows from the electron distribution on the wire to the respective

preamplifier input. This charge deposited on each preamplifier is inversely propor-

tional to the resistance of the wire plus preamplifier that the charge must traverse to
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Figure 2.2: The two dimensional AE—E plot for the energy deposited in the 5 mm

silicon detector (vertical) vs energy left in the NaI(Tl) detector (horizontal) obtained

for the 3He + Ag reaction at Em", = 200 MeV.
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reach a virtual ground at the base of the amplifying transistor in the preamplifier.

Since the preamplifiers have a low input impedance, the dominant contribution to this

resistance comes from the resistance of the wire between the point where the charge

is deposited on the wire and the preamplifier. Therefore, to a good approximation,

the position along the wire coordinate is given by,

L

where L (left) and R (right) are the voltages recorded by the ADC’s for the signals

from the respective ends of the anode wire. A position calibration is done by putting

a mask in front of the hodoscope. This mask has holes of 1 mm diameter which

are separated by 1.5 mm. The mask is placed at 16.5cm from the target. A 2“Cm

point alpha source is positioned at the target location to illuminate the calibration

mask and ionize the gas counter. Non-linear fits to the calibration spectra are used

to correct for non-cartesian effects in the simple charge division read out obtained

using Equation 2.1:

X = ao + aer + a2an + wax;1 + a4XmYm + a511,”,

+a6X3, + a7XiYm + angYnz, + ang,

Y = b0 '1’ bIXm + ()me + bBXEn + b4XmYm + bSYnz;

+b6Xf’; + b7X,3,Ym + bSXmY}, + ngg (2.2)

Here Xm and Ym are the positions directly obtained by the charge division method

from Eq. 2.1. The a,- and b,~ coefficients were obtained by fitting the measured mask

spectrum. The mask image of one detector is shown in figure 2.3. The widths

correspond to 1 mm holes in the calibration mask, which are separated by about 1.5

mm.
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Figure 2.3: Two dimensional plot of position calibration mask image for 3He + Ag

reaction at E5“... = 200 MeV.
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2.1.4 Particle identification

The particle identification method comes from the fact that energy loss in a detector

depends on particle types. The energy loss of an ion passing through a medium is

described by the well known Bethe-Bloch formula,

2

n—————flz—S—D] (2.3)

where n is the number density of electrons in the medium; e and m are the charge

and mass of the electrons respectively; q,” is the effective charge of the ion; v is the

velocity of the ion; ,6 = v/c; I is the ionization potential of the medium; S corrects

for the electron shell effect; and D is a density correction factor.

For non-relativistic particles, 1)2 = 2E/M, and one can neglect the shell and

density corrections. Since the logarithm varies slowly with energy, equation 2.3 can

be simplified as

0115' qu

7; cc —E££ (2.4)

This formula simply says that energy loss in a thin AE detector depends on its

particle type (Mq?!f) and is inversely proportional to its energy E. For our particle

identification, we use an empirical formula [Goul 75] for the stopping range of a

particle in the detector material,

where E, R, M and q,” denote the energy, range, mass and effective charge of the

detected fragment, respectively. Consider a particle which penetrats through the first

silicon detector of a telescope which has a thickness T. This particle deposits AE
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energy in the first silicon detector and stops in the next detector where it deposits

energy E. From Eq. 2.5, we obtain

qufl 0: ((E + A13)" — Eb)/T (2.6)

To further make our particle identification independent of its energy, we adopt an

empirical particle identification (PID) formula, defined as the following [Shim 79],

PID = 1n(Mq3,,)

= ln(bAE)+(b—1)ln(E+cAE)—bln(300) (2.7)

AE[MeV]
b = 1.825—0.18

Tlflm]

c=0.5

Most of the time, we used planar AE detectors. As an example, the obtained particle

identification function is shown in figure 2.4 for the 36Ar + 19I'Au reaction. The

horizontal axis represents the particle identification and the vertical axis represents

the particle energy. For the whole energy range, we get a straight line for a particle.

Because of economical reasons, we used non-planar 200 pm silicon AE detector for

the 3He + Ag reaction. The thickness of the detector is therefore non-uniform. Since

the PID function depends on the thickness of the AE detector, I have to compensate

for this effect. The position information becomes very important here. The thickness

is assumed to be dependent upon the distance to the center of the detector,

T0) = To - f(p)

f(p) €$P(—AP2) (2-8)

where p = #22 + y5 is the distance from the center of the detector. The actual PID

function is thus modified to compensate for the effects of non uniformity,

PID = PID + A * p2 (2.9)
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Figure 2.4: The two dimensional PID - E plot of particle identification function for

36Ar + 19l’Au reaction.
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where A is the free parameter to adjust the PID dependence on the ionization position

on the detector. The obtained particle identification function is shown in figure 2.5

for 3He + Ag reaction for p, d, t, 3He and ‘He particles. We can clearly separate the

particles very well.

2.1.5 Electronics setup for the Hodoscope

The electronics diagram for the hodoscope is shown in figure 2.6. On the top of

the figure, the signals from the first and third elements of each hodoscope are sent

to charge sensitive preamplifiers, followed by shaping amplifiers. The slow output

of each amplifier is a gaussian signal with amplitude proportional to total collected

charge. This signal is then sent to a Amplitude to Digital Converter (ADC) for

digitization and is subsequently read by the computer. The linear signals from all

silicon detectors, gas counters, and NaI(Tl) detectors are digitized the same way.

The second element of each telescopes was used to generate the trigger for each

telescope. The fast output from the shaping amplifier of this detector was sent to

a Constant Fraction Discriminator (CFD). The logic signal from this discriminator

was sent to a 32 channel majority logic box along with the logic signals from the

other 12 telescopes. The coincidence box generated an output to the pre—master box

whenever 2 telescopes fired in coincidence. The logic signal from each telescope was

also sent to a Down Scale (DS) module, which passed 5% signals on to a fan in/out

module along with the other 12 telescopes to generate a singles event trigger, which

went into the pre—master. Thus, singles and coincidence hodoscope events were taken

simultaneously. When the computer is reading ADC’s, it will send a busy signal to

the master trigger box to veto all the events while it is busy. The master trigger

generates start signals for the Time to Digital Converters (TDC), gate signals for the

ADCs and gate signals for the bit registers.
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Figure 2.5: The two dimensional PID - E plot of particle identification function for

3He + Ag reaction.
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Figure 2.6: The hodoscope electronics diagram.
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2.2 MSU 41r Miniball array and 36Ar + 197Au re-

action at E/A = 35 MeV, in coincidence with

hodoscope.

The MSU 41r Miniball array was used in the 36Ar + 197Au experiment to provide

an impact parameter filter for particle unstable decay fragments detected in the ho-

doscope. In this experiment, we used rings 21] of the array which covered an angular

range of 16° - 160° in the laboratory. In order to fit the hodoscope into the Miniball

array, the nine NaI(Tl) detectors from the hodoscope were replaced by 400 pm silicon

veto detectors, and excess material at the front end of the hodoscope was removed to

make it smaller. In addition, 27 phoswich detectors out of the 176 detectors in rings

2 - 11 of the original array were removed to allow the insertion of the hodoscope. The

remaining Miniball array covered a solid angle of 77% of 41r.

The electronics diagram for Miniball, shown in Figure 2.7, is taken from [Kim 92a].

Each phoswich detector of the 41r Miniball array consists of a 40 pm thin fast plastic

foil and a 2 cm CsI crystal which provides charged particle detection with a low

threshold. A Photo Multiplier Tube (PMT) located at the back of the detector collects

the total scintillation light produced by both the fast plastic and CsI crystals. Particle

identification is achieved by integrating the PMT signal over several distinct timing

gates. To achieve this, the anode current from the PMT is split into four signals.

One is used as a trigger, and the other three are digitized by three Fast Encoding

Readout Analog to digital converters (FERA) where the signals are integrated over

three distinct timing intervals. A fast integration over the first 35 us of the PMT signal

selects light from the plastic scintillator signal (we call this the Fast signal). Two

distinct timing gates are set for the CsI(Tl) signals. One integrates over 15012.3 5 t 5

550713 (we call this the Slow signal), and the other integrates over 1.5;13 S t _<_ 3.0;13
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Figure 2.7: The Miniball electronics diagram.
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(we call this the Tail signal). To improve the particle identification, a linear gate is

used for the Fast signal so we can set an integration timing gate individually for each

detector. A typical plot of the Fast vs. Slow signals, shown in Figure 2.8, indicates

the elemental resolution which was achieved for the Miniball elements during this

experiment. Since the primary function of the Miniball in this experiment was to

provide an impact parameter filter based on charged particle multiplicity, individual

charges in the Miniball detector were not individually analyzed. The slow moving

heavy particles stopped in the fast plastic which did not have a slow signal were also

not analyzed. Including the energy loss in the 5mg/cm2 Pb-Sn absorber foil, placed

at the front of each phoswich detector, the threshold for particle identification in the

Miniball is about E/A z 2, 3, 4 MeV for Z = 3, 10, and 18 fragments. More details

about the Miniball 41r array are given in ref. [Souz 90, Kim 92a].

A schematic diagram is shown in Figure 2.9 for the trigger circuit of this co-

incidence experiment which requires the coincidence of the pre—master triggers of

hodoscope and the Miniball array. The main concern of the coincidence electronics

set up is to clear the random events of the Miniball array when there is no hodoscope

event (or no master event). Since the tail signal takes about 3.5 us to digitize, a

Miniball premaster will generate a signal of about 4ps to veto all the incoming events

during this time. If a coincidence event happens, a longer computer dead time due to

data taking will also veto the incoming events. If there is no coincidence master event,

we want to abort the digitization process of the FERAs to reduce the computer dead

time. A fast clear will be generated to clear the FERA modules unless it is vetoed

by the master signal.
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Figure 2.8: The diagram of a Miniball phoswich detector Fast vs Slow plot in the

reaction of 3"Ar + 19I’Au at E/A = 35 MeV.
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Figure 2.9: The Hodoscope-Miniball coincidence electronics diagram.



Chapter 3

Correlation function and excited

state population analysis

As mentioned in chapter 1, we use two distinct techniques to study pro-equilibrium

processes in nuclear collisions. One involves the measurement of twO particle correla-

tion functions to investigate the space and time extent of the system which emits the

particles we detect. The other involves the measurement of excited state populations

to investigate the internal excitation achieved in the reaction. In this chapter, I will

discuss the relationship between these two techniques, and the detailed procedures

needed to construct and interpret the correlation functions and excited state popula-

tions. The procedures to assess the influence of sequential feeding from higher lying

particle unstable states upon the population probabilities will also be discussed.

3.1 General description of correlation function and

excited state population

The relationship between correlation function and excited state populations mea-

surement has been investigated in the limit of thermal equilibrium by Jennings et a1.

[Jenn 86]. To illustrate the connection between these two observables, we reproduce

their arguments here.

40
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In the limit that the two detected particles interact mainly with each other and

the interaction with the rest of the system may be neglected, the density of states of

these two particles can be separated into two parts,

P(Pnpzl = P0(P) ' P(Q) (3.1)

Here po(P) = VPz/(21r2) is the density of states associated with the center of mass

motion of the two particles. V is the volume of the system and P is the total mo-

mentum of the two particles. The second term p(q) is the density of states of relative

motion of the two particles. It can be further separated into,

p(q) = Me) + A901) (3-2)

where po(q) is the density of states of non-interacting particles, and Ap(q) contain the

modifications of the phase space due to the interactions between the two particles.

The non-interacting term po(q) can be written as,

pom = (231 + 1) - (23. + 1) - ¥— (3.3)

where 31 and 32 are spins of the two particles respectively. The interacting term,

Ap(q) can be written as [Land 80, Huan 63],

Am) = .71; . 2(21 + 1) . 33:“ (3.4)

J,a

 

where aha/aq is the phase shift caused by the interactions between the two parti-

cles. J is the total angular momentum of the particle pair and 0: indicates the other

quantum numbers of the channel. For a thermal distribution, the yield of ith particle

(i=1,2) is,

Kim) °< p00») - 8‘3"T613195 (3-5)
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and the yield of the two interacting particles is,

mom) <>< MP, q) -e'(E’+E”/Td3p1d3p2 (3-6)

Combining these two expressions, one can write the correlation function as,

 

  

_ Y12(PhP2)

Rm — Y1(p:)-Y2(p2)—1

27f 86.13

= (231+1)(232+1).V0q,§(2J+1). aq (3.7)

The correlation functions described by the thermal model thus depend inversely upon

the volume of the source and not upon the temperature of the system. The depen-

dence upon the interaction is represented by the phase shift term 6,1,0/6q . Further

calculation by Jennings et al. [Jenn 86] have shown that the shape of the correlation

predicted by Equation 3.7 is similar to those predicted by other, more frequently

used, interferometry formulas. It should be noted that the result of equation 3.7

depends on the property that the kinetic energy distribution of emitted fragments

is characterized by the same temperature as the population probabilities. For non-

equilibrium processes, like we measured in this dissertation, this assumption is not

satisfied. Correlation functions may then depend on the temperature of the emitting

system.

The population of excited states is given by the interaction term of Equation 3.2

and the Boltzman factor,

dn(E)
dE' = N . e'E/T - Ap(q) (3-8)
 

So in the thermal limit, the temperature of the reaction system can be obtained by

measuring this excitation energy spectrum.

In the next two sections, I will show the detailed procedures used to extract the

information about the reaction from these two techniques.
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3.2 Correlation function analysis

The correlation function is defined experimentally by a ratio of coincidence and singles

yields,

 

_ Z “2(p11p2)

1 + R(PI‘I) - 012 2Y1(p1)Y2(p2) (3-9)

Here, p1 and p; are the momenta of the two particles in the laboratory, P = p1 +

102 is the total momentum and q =| 11(1), — 0,) | is the relative momentum of the

two particles. For each experimental gating condition, the sums on Equation 3.9

are extended over all energies, positions and detector combinations corresponding

to specific relative and total momentum bins. The normalization constant Cu in

Equation 3.9 is chosen so that R(P,q) vanishes at large relative momenta where final

state interactions between the two particles become negligible.

Theoretically, the two particle correlation function can be obtained from any the-

ory which makes predictions for the one body Wigner transform or phase space dis-

tribution. We use a generalized formalism developed by Pratt [Prat87, Gong 90]. In

this formalism, the two proton correlation functions is calculated via the equation,

1+ R(P,q) = [(131'171120')|¢(q,r)|2 (3.10)

Here ¢(q,r) is the two-particle relative wave function. The source density distribution

Fp(r) is obtained from one particle Wigner transform according to,

fJ’Rf(P/2, R + r/2,t>)f(1’/2, R - r/2,t>)
Fp(r) = I fd3r'f(P/2,r',t>) I2

 (3.11)

The Wigner transform f(p, z, t) in Equation 3.11 describes the phase-space distribu-

tion of particles of momentum p and position x at some time, t), after the emission
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process. It can be obtained from the probability distribution, g(p,r,t), for emitting a

particle of momentum p at location r and time t by

f(p, r,t>) = j; «agar — p(t> — t)/m, t] (3.12)

With this formula, we can calculate the correlation function for any arbitrary source

density distribution. For example, a Gaussian source of radius r0 and life time 1' is

widely used to calculate correlation functions. In this case,

g(p. r, t) = peer/saw?“ (3.13)

Surface emission from a target-like residue with a certain lifetime 1', can be approxi-

mated by the following formula,

e-t/r

 g(p,r,t) o: page anew-mam. - r)[ 1%) (3.14)1.

Here, p0 is a normalization constant, O(t) is the unit step function, 1' is the source

lifetime, 6 is the Dirac delta function, f and 15 are the unit vectors for position and

momentum, and (Pa/dp?’ may be determined by moving source fits to the single

particle inclusive spectrum.

By assuming a source distribution function, and fitting a correlation function to

the experimental data, one can extract information about the space time evolution of

the emitting source. The correlation function can also be used to test any dynamical

theory which makes predictions for Wigner transform in equation 3.11. One widely

used reaction dynamics model is the Boltzmann-Uehling-Uhlenbeck (BUU) transport

equation [Bert 84, Bert 88],

are, r. t) + 5 v. f(p, r. t) - we) v. f(p, r. t)

1 I I 1 I I

/ d3q2d391d302515njp’ + (13 - (11’ — (122)]
21r3m2
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51m + (12 — (Ii — 433%

{f(qia r: t)i(q;, rat)l1"f(Pa 7', tllll _ f(q2a 7': tll

-f(p,r,t)f(q2,r,t)[1 -f(qi,r,t)][1-f(q;,r,t)l} (3-15)

This equation describes the motion and emission of nucleons under the influence of a

self consistent mean field, nucleon-nucleon collisions and the Pauli-exclusion principle,

but does not describe the emission of clusters. It has been used to calculate the

correlation functions and has been successfully compared with the experimental data

[Gong 90].

3.3 Excited state population measurements

The population of excited states of fragments emitted in a nuclear reaction can be

used to extract the temperature of the fragmenting system at the time of emission.

Suppose a nucleus A in an excited state with excitation energy E decays to two

daughter nuclei b and c.

A' —) b + 6 (3°16)

We can observe this decay by measuring fragments b and c in coincidence. From their

energy and angle in the laboratory frame, we can deduce the excitation energy E" of

parent nucleus in its rest frame and construct a decay spectrum. The experimentally

measured decay spectrum YwP(E" ) consists of two parts,
mea

K3P(E:nea) = ”(Effiea) + “(Effiea) (317)

YC(E,",',ca) is the decay spectrum for the correlated decay products from the particle

unstable parent fragment A. and Yb(E;, ) is the background from pairs of particles
ea

which do not originate from parent fragment A. While the detailed calculation of the
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background yields from first principle requires an extremely detailed knowledge of the

reaction, it can be accurately parameterized by,

mE:...)—— 012(1 — exp-‘E-Ebl’Am .19 -6(E - E.) (3.18)

Here E5 is the threshold for the decay A“ -+ b+c and A is the width of the suppression

of the background correlation function due to Coulomb final state interactions. Y1

and Y; are the single particle yields.

The measured decay spectrum YC(E;m,) of the particle unstable nucleus A can be

written as

d____n(E"')

.1
1113'- (3 9)

 
E)...)=/ dE*(1313;...)

 C

where E" is the true excitation energy of nucleus A‘, dn(E")/dE* is the decay spec-

trum in the rest frame of nucleus A‘. E" is the measured excitation energy and
men

e(E‘, Ema)IS the efficiency function of the device and will be discussed1n the next

section.

From equation 3.8, the excitation energy spectrum dn(E"')/dE* depends on the

phase shift caused by the interaction of the coincident fragments.

dn(E"')

dEt N ° 8'3.” - Ap(q)

= N26—E"/T. 1(2J +1) _a_'__6’E':‘ (3.20)

Here 6;,“ and J,- are phase shifts and spins of the resonances. N is a normalization

constant. If the phase shifts are dominated by a set of isolated resonances, one can

write

 (3.21) 
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If the individual levels are described by a R-Matrix parameterization [Naya 92], the

individual terms in Equation 3.21 become

dn),(E*) 2 NA . e—EVT . 2.1), +1 III/2

dE' 1r (EA-I-AA—E'y-I-I‘i/‘l

  

(3.22)  

(IA; E), + AA — E‘ (IPA

1— .
x [ dE' + 1‘, .113-

Multiplying Equation 3.22 by the branching ratio PAC/1‘1 for channel c, and summing

over A when more than one level is involved, one obtains,

dn(E")

dE“

_ dn,\(E") PAC

—; dE* '1‘. (3.23) 

  

Here, I‘,\ = 2ng§c is the partial width of the level A decaying to channel c, F; = 2,, F,\c

is the total width of the level, and Pic/F1 is the branching ratio of decaying from

level A to channel c. The shift parameter is A1 = 245.: - BC)7§c‘ The penetration

factor, PC and Sc can be expressed in terms of the regular (F) and irregular (G) radial

Coulomb wave functions and their derivatives, all evaluated at channel radius ac.

Pc = pcAgzlr=ac

8A

c = CA-l ' __C r:a 3.24S p . ,pcI . ( 1

where A: = F: + 02, and pc 2 her. The boundary conditions BC, along with the

other resonance parameters, will be defined for each level when we fit the data.

For narrow levels, P), and A; can be treated as energy independent, and the

R-matrix decay spectra can be further simplified to the Breit-Wigner formula,

dnA(E‘)

dE“

T.2JA+1 IRA/2 PAC

: . -E./ —

N‘ c 1r (E... — 13*)2 + r3/4 r,
(3.25) 

  C

For a more complicated case involving two overlapping states with the same spin and

parity, the appropriate R—matrix formula can be found in ref. [Naya 92].
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The excitation energy spectrum, when folded with the efficiency function using

equation 3.19, provide a theoretical expression for the coincidence yields. Combining

this with the background parameterization of equation 3.18, one can fit the experi-

mentally measured decay spectrum to obtain the population probability n1 for each

level. Following [Naya 92], we define the population probability for a particular ex-

cited state by integrating the excitation energy spectrum for level A over excitation

energy,

 

_ 1 *dNA’¢Ot(E*)

"* " 2J1. +1 jdE dE‘ (3’26)

For most of the excited states considered, the excited states are sufficiently nar—

row that the Boltzman factor, e’Ei/T, varies little over the resonance and can be

approximated at the resonance energy e'Em/T, and taken out of the integral. The

population probability is defined as,

n,\ = NAG-En'lT (3.27)

In this case, the Breit-Wigner formula for a group of levels can be written as,

dn(E"‘)

dE"

_Zn 2JA+1 PA/Z ILA—c

c— , * 1r (E,,,—E‘)2+I‘§/4I‘,\

 (3.23)

  

3.4 Hodoscope response function simulation

In this section, some details of hodoscope response function calculation for the decay

of an excited nucleus A" decaying to two daughter nuclei b and c, A“ —> b + c are

provided.

In the experiment, we detect the decay fragments b and c in coincidence. From

*

their energy and angles in the laboratory frame, we can deduce the excitation Ema
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of the parent nucleus A". Since we have finite energy and position resolution for our

detection devices, E‘ could be different from the original excitation energy E". This
mea

difference must be calculated.

Several conditions are assumed in our calculations of efficiency function C(E, E").

The kinetic energy spectrum of the parent nucleus A with excitation energy E is

assumed to be the same as the measured energy spectrum for stable nuclei of the

same isotope. The decay of parent nucleus A to its daughter nuclei b + c is assumed

to be isotropic in the rest frame of parent nucleus A. Assuming these conditions, the

coincidence cross section of detecting two daughter nuclei b and c in the laboratory

frame is

dO’(E1, 91, E2, 92)

dEldnldEzdflz

 

6(Erelaflcma Blatant“) . d0(Etot,ntot) . _1_ . dn(E‘) (3 29)

6(El 1 91) E21 92) dEtotdntot 47f dE‘l .

where 6(E'nhflcm,E¢O,,Q,o¢)/8(E1,Ql,E2,Ilg) is the Jacobian for the transforma-

 

tion of total and relative quantities Enhflcm, 13101.9“; to the individual quantities

131,01, E2, 02; 1/41r - dn(E*)/dE'* is the decay spectrum of A" —) b + c in the center

of mass frame; and da(Em, Qto¢)/dEmdflm is the energy spectrum for stable nucleus

of the same mass in the laboratory frame. The cross section in Equation 3.29 is

then integrated over the detection array to get the experimental yield Yc(E") for the

detection of daughter nuclei b and c.

In order to reproduce the measured excitation energy spectrum, the coincident

cross section in equation 3.29 must be folded with the energy and angular resolution

of the experimental array. These effects include corrections for angular straggling

in the target and detectors. Since the energy spectrum of stable nuclei of the same

isotope are used here as input for the yield calculations, the yields of individual excited

states is defined with respect to the yields of stable nuclei of same isotope. In this
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respect, many uncertainties due to the target thickness or beam current cancel out.

Figure 3.1 shows the efficiency function (arbitrarily normalized) and the excitation

energy resolution of the 13 element hodoscope for the decay of 1°B nuclei emitted in

the 36Ar + 19I'Au reaction at E/A = 35 MeV. The total efficiency function €(E) is

defined by,

(3.30)
men)

413*) = / 1113;,“413‘, 3*

The energy resolution 6E shown in Figure 3.1 is defined by a root mean square

difference between Efnea and E‘,

— 13")1’}1/2 (3.31)
eaw = {/ dEz...e(E*. 13:...)(13;

To check this efficiency program, it was compared to an event generating Monte

Carlo simulation program which use a completely different algorithm to calculate the

efficiency function [Poch 87]. Both codes were used to calculate the efficiency of an

18 element hodoscope for the decay: 5Li —i p + a for 16O + 19i’Au reactions at E/A

= 94 MeV [Chen 87a, Chen 87b]. The comparison of the two calculations is shown

in the top panel of Figure 3.2. The line is the direct integration technique used in

this dissertation [Mura 89] and the solid points are the Monte Carlo calculations of

reference [Poch 87]. The two methods agrees very well over a wide range of excitation

energies. The bottom panel shows the ratio of the two calculations (calculation from

Monte Carlo method is divided by calculation from integration method). Considering

the differences in the techniques used in the two calculations, the agreement between

these two methods is very reasonable.
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Figure 3.1: The efficiency function and energy resolution calculations of detecting 1"3

nuclei excited states in the 36Ar + 19"An reaction at E/A = 35 MeV.
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Figure 3.2: The comparison of two efficiency function calculation programs of detect-

ing 5Li nuclei excited states in the 16O + 19"Au reaction at E/A = 94 MeV. The solid

lines are the integration method used in this thesis and the solid points are the Monte

Carlo simulations. The bottom panel shows the ratio of the two calculations.
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3.5 The sequential decay calculations

While temperatures deduced from excited state populations are not affected by the

collective motion of the colliding system, they are sensitive to sequential feeding

from higher lying heavier particle unstable nuclei. For example, 10B particle unstable

excited states can particle decay to 6Li and 0:, ie, 108* —>6 Li + a . Both 6Li and a

can be in a ground state or in an excited state. In this case, these daughter fragments,

6Li and a, will increase the total populations of the respective 6Li and or states, thus

altering these populations from their initial values. Experimental measurements will

include these additional contributions from sequential feeding. The experimentally

measured temperature, derived from the population ratio of excited states yields to

their ground state yields, is therefore affected by the sequential feeding from such

higher lying states . In this section, I will address this issue and discuss calculations

to take this sequential feeding into account and to make the corresponding corrections

when extracting the temperature.

3.5.1 The initial fragment yield population

Of course the exact fragment yield distribution depends on the exact many body

evolution of the nuclear reaction. As this information is not available, statistical model

calculations can be useful for describing the population and decay of the particle

unstable fragments. In this approach, the nuclear reaction system is assumed to

be fully equilibrated at the freezeout time after which all the fragments cease to

interact with each other. Statistically, the yields of fragments and their excited state

populations are dictated by the temperature as well as spins, parities, the binding

energies, excitation energies and densities of excited states of the emitted fragments.

Taking these effects into consideration, one may predict the primary populations of
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excited states of emitted fragments. These will be altered later on by any subsequent

sequential decay of the intial fragments. Since we are primarily interested in the intial

temperature of the emitted fragments, we must perform calculations to correct for

the influence of sequential feeding to the excited state populations.

We assume that the initial population of a particular excited state at excitation

energy E" and spin J of a nucleus with mass number A and charge number Z can be

written as

P,(A, Z, E") cc P0(A, Z)p(E"', J)e:rp(—E*/Tem) (3.32)

where P0(A, Z) is the probability of populating the nucleus with mass number A and

charge number Z at its ground state. p(E"', J) is the density of levels of that nucleus

with the same excitation energy E" and spin J.

The population probability of ground state nuclei with charge number Z and mass

number A can be parameterized by

Po(A. Z) 0< exp(-fV./T... + Q/T...) (3.33)

the Coulomb barrier is parameterized by

Z(Z,, — 2).:2

° = ro[A1/3 + (A, — A)1/3] (3°34)
 

where A,, Z, are the total mass and charge number of the fragmenting system and

r0 = 1.2fm. The constant f is adjusted to provide an optimal agreement between the

calculated final charge distribution and the measured charge distribution [Naya 92].

Clearly, Equation 3.33 represents a simplification of the emission mechanism. For

example, in a real statistical model calculation, one has to consider the free energy

besides the Coulomb energy and binding energy [Frid 83]. The adjustment of f could
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partially be regarded as a compensation for the neglect of this effect and other effects.

The Q value of the ground state is calculated from the expression,

Q=B(AP_A1ZP-Z)+B(AIZ)-B(Amzp)- (3°35)

The binding energy B(A,Z) was calculated from the empirical Weizsacher formula

[Marm 69],

_ 2
_03(A 22)

B(A, z) = 00A — 01A2/3— 02—A1/3 A (3.36)

Here, Co = 14.1 MeV is the volume term, C1 = 13.0 MeV is the surface term, C2 =

0.595 MeV is the Coulomb term, and C3 = 19.0 MeV is the pairing term.

Here the temperature Tm is assumed to be a constant. By doing this, we neglect

time evolution of the temperature due to expansion and particle emission. Cooling

and expansion of the excited system will give rise to a distribution of a temperatures

instead of a single temperature [Frid 88, Frid 90].

Density of states

The definition of density of levels with excitation energy E" and spin J is

p(E*. J) = 26(3- — Eva... (3.37)

where the sum runs over all possible states of the particle unstable fragment. For

discrete states at low energy, E" _<_ 50 we can just count all the states from a compila-

tion of all the experimentally known states [Ajze 87]. For higher excitation energies,

50<E‘<E’mu, where the density of states is not well known experimentally, the

continuous approximation is used

2.] I 61' (/a E. E0) 2

ME“): (243‘(Ii/4:313} E.,))5/4]“”[ (Jig/2)] (3'38)
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where the spin cut off parameter a is parameterized by [Gilb 65a, Gilb 65b],

02 = 0.0888[a(E" — Eo)]1/’A2/3 (3.39)

where a = A/8 is the level density parameter. The energy E0 is chosen so that the

number of levels at E < 60 is the same for both expressions.

[1: dE./dj{(21+lerp[1/G(E*- Eolle —(J+201/2)2]}

24fal/403(Es_ E0)5/4

= [0“{2 6(E, — E‘)} (3.40)

To illustrate this matching procedure, the level density of 2°Ne nuclei is plotted in

Figure 3.3 as a function of its excitation energy [Chen 88]. The histogram indicates

the experimentally known states. At 60 _>_ 13 MeV, the level density decrease with

E‘, because of incomplete experimental information for states at higher excitation

energies. The curve is the level density from the calculation of Equation 3.38. For

nuclei of 12 5 Z S 20, a continuous approximation is used for all the excitation

energies. At high excitation energies, E" > 60, Equation 3.38 is used to describe

the level density. At low excitation energies, E" 5 co, the empirical expression of

Reference [Gilb 65b] was modified to take the spin dependence of the level density

into account [Chen 88],

E1) (2J + l)e2:p[—(J + 1/2)2/202]

T 2(2.) + 1)ea:p[—(J + 1/2)2/202]

 p,(E"' J): WeszE. (3.41)

Here, the parameters E1, T, and so were taken from [Gilb 65b]; 0 is calculated using

Equation 3.39 at E" = 60 and is assumed to be the same constant for E“ 5 60. For

E" > co the continuum level density of Equation 3.38 was used. It was matched to

low energy Equation 3.41 at E“ = so according to the matching conditions described

in Equation 3.40.
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Figure 3.3: The level density of 2°Ne plotted as a function of its excitation energy.

The histogram is the level density from the experimentally known levels. The curve

is the level density calculation with Equation 3.38.
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Since the spins, isospins, and parities of low-lying particle states are known ex-

perimentally, a lookup table containing excitation energies, spins, isospins, parities,

and branching ratios for approximately 2600 known levels was constructed, and used

in the sequential decay calculations [Ajze 87]. In the real computer program, the

continuum states were treated as discrete states of interval 1 MeV for E‘ S 15 MeV,

2 MeV for 15 < E“ < 30 MeV, 3 MeV for E“ Z 30 MeV. Parities of continuum states

were chosen to be positive or negative randomly with equal probability, the isospins

were taken to be equal to the isospin of the ground state of the same nucleus.

3.5.2 The sequential decay from initial population

After the initial population, the excited states of the emitted nuclei will either parti-

cle decay to diflerent daughter nuclei or 7 decay towards the ground state. Particle

decay channels for n, 2n, p, 2p, (1, t, 3He and 0 emission were included in the calcu-

lation. Tabulated branching ratios were used when available for the decay of particle

unstable excited states. Where such information is not available, the branching ra-

tios were calculated from the Hauser-Feshbach formula [Haus 52], taking into account

constraints imposed by isospin and parity conservation. The branching ratio for a

channel c was taken to be

as
Z} G.- (3.42) 

Es_P.

where

Go =< TI,DTI,FT(3)I,DT(3)I,F I TI,PT(3)I,P >2

IS+II |J+Zl

X 2 Z {11+7FPWDWF(-1)'l/2}TI(E) (3-43)

Z=|S—l| I=|J—Z|

Here, J and I are the spins of the parent and daughter nuclei, Z is the channel

spin, S and l are the intrinsic spin and orbital angular momentum of the emitted
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particle, and T; is the transmission coefficient for the lth partial wave. The factor

[1 + wpwprp(—1)’] enforces parity conservation, and the Clebsch-Gordon coefficient

takes isospin conservation into account.

For decays from states when the kinetic energy of the emitted particle is less than

20 MeV and I S 20, the transmission coefficients were interpolated from a set of

calculated optical model transmission coefficients. For decays from continuum states

when the kinetic energy of the emitted particles exceeds 20 MeV, the transmission

coefficients were approximated by the sharp cut off approximation.

T1(E)={ (I) 2; [f]: (3.44)

the cut off angular momentum is

 

2

I, = T"r,[A‘/3 + (A, — A)‘/3]\/2p(E — V0) (3.45)

where p is the reduced mass and h is Plank’s constant.

3.5.3 The final fragment yield population

As an important prerequisite for calculating the final population ratios for the excited

states of emitted fragments, we must ensure that we can reproduce the observed ele-

mental distributions for the fragments. In order to reproduce the measured elemental

distribution, the ground state populations are adjusted by varying the constant f in

Equation 3.33 which multiplies the Coulomb potential.

Figure 3.4 provides a a comparison of measured and calculated charge distributions

for the 3He-i—Ag reaction at Ebeam = 200 MeV for a range of initial temperatures. Since

a wide range of intermediate mass fragments were not detected in our experiment,

we use the charged particle distributions from ref. [Kwia 86] for the same reaction.
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The solid points are these experimental data and the histograms are the sequential

decay calculations for various initial temperatures. The corresponding adjustment

constants f are shown in the figure as well. Figure 3.5 provides the corresponding

charge distributions measured for the 36Ar+197Au reaction at E/A=35 MeV. In order

to reduce the effect of the detector threshold, a common threshold of E/A > 5 MeV

is used for all particles in this plot.

These are the elemental distributions which result from the calculations used to

predict the effects of sequential decay upon the population probabilities. The popu-

lation probabilities will be compared with experimental measurements in chapters 4

and 5.
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3°Ar+197Au, E/A=35MeV, 0=39°
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decay calculations for 36Ar +197 Au reactions at E/A=35 MeV.



Chapter 4

3He + Ag reaction at Ebeam = 200

MeV

This measurement of 3He + Ag reactions at Em,n = 200 MeV was performed at

the Indiana University Cyclotron Facility. A natural 1.05 mg/cm2 Ag target was

bombarded by 200 MeV 3He ions. In this experiment, the hodoscope was used as a

stand alone device to detect the decay of particle unstable states of emitted fragments.

Since the 3He projectile deposits very little excitation energy, the yield of intermediate

mass fragments (IMF) is small. Thus the experiment focused on the decays of lighter

IMF’s, for which the cross sections were larger.

Single particle inclusive energy spectra can shed some light on particle production

mechanisms in general. Such spectra are also required to construct the correlation

background yields and to calculate the efficiency functions needed to describe the

particle unstable excited states measurements. In this chapter, such data will be

discussed first, and followed by a discussion of two particle coincidence data and

analyzed in terms of two particle correlation functions and particle unstable excited

state populations.

63
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4.1 Single particle cross section

There are many possible sources of particle emission, the evaporation of fully equi-

librium compound nuclei [Frid 83], pre-equilibrium particle emission, the complete

multifragmentation of the nuclear system [Kim 89, Bowm 91], to name a few. The

energy spectrum of the emitted particles can provide information about the possi-

ble sources of particle emission. In reactions leading to the production of a tar-

get like residue, the residue will decay according to statistical evaporation models

[Hans 52, Frid 83, Soho 83]. Such is the case for both 3H6 + Ag and 36Ar + 19“'Au

reactions investigated in this dissertation. The energy spectrum of particles which

were evaporated from such residues could be approximated by a single Maxewell dis-

tribution as discussed by Eq. 1.13. This approximation can also be used for particles

emitted from a projectile like residue should one exist. Experimentally, it has been

shown that one can approximately describe pre-equilibrium emission by a thermal

source source at about 1/2 the beam velocity [Chit 86a, Awes 81]. Thus we have

modified Equation 1.13 to obtain

 

3

(1:39 = 2”N E ‘ ”643'”
(4-1)

with E, = E— Vc+Eo —2\/Eo— Vc c030

In our investigation of the 3He + Ag reaction at Eben", = 200MeV, we put the ho-

doscope at forward angle of 9“,, = 42°, and later at a backward angle of 9.“, = 109°,

so that we could see the evolution of particle production from forward angles where

non-statistical emission is dominant to backward angles where the emission from the

target residue is dominant. This evolution can be seen in the measured proton inclu-

sive cross sections shown in Figure 4.1. At low energies, E < 16 MeV, the spectra are

dominated by evaporation from equilibrated or nearly equilibrated target residues.
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At higher energies, non—equilibrium emission processes dominate, with some contri-

butions from projectile breakup. These non-equilibrium higher energy contributions

become less important with increasing angle. The energy gap at 25Me < E, < 32MeV

is due to the dead layers at the end of the 5mm Si(Li) and at the entrance of the

NaI(Tl) detector. Particle which stop in the dead layer can not be properly identified

by their mass and charge. The dashed lines in the figure are moving source fits to the

experimental data using Equation 4.1. The fitting parameters are listed in table 4.1.

The solid histograms are the results of BUU calculations using Equation 3.15. A

comparison of the energy spectra for different hydrogen isotopes are shown in Fig-

ure 4.2. A comparison of the energy spectra for 3He, 4He, and 6Li particles is shown

in Figure 4.3. Moving source fits using Equation 4.1 are shown as the solid lines in

the figure, and the extracted source parameters are listed in table 4.1. Compared

to the spectra for protons and (1 particles, the contribution to the spectra from slow

moving target like residues are less dominant for d, t, and 3He particles.

4.2 Proton-proton correlation functions

As discussed in the introduction, two particle correlation functions are sensitive to

the space time development of a nuclear reaction as the colliding system evolves from

initial contact to an equilibrated target like residue. The most dramatic effects should

be manifested in light ion induced reactions on a heavy target, due to the small size of

the initial system. Details of the analysis of the proton-proton correlation functions

for the 3He + Ag reaction at Ebeam = 200 MeV are provided in this section.

We define the experimental correlation function R(q) in terms of the measured

coincidence yield Y12(p1 , p2) and the background yield which is constructed, assuming

a mixed singles technique, from the product of an uncorrelated singles yield Y1(p1)
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- Figure 4.1: Single proton inclusive cross sections for the 3He + Ag reaction at 200

MeV. The laboratory angles are indicated in the figure. The curves are the cor-

responding moving source fits using Equation 4.1 with fitting parameters listed in

table 4.1.
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corresponding moving source fits using Equation 4.1 with fitting parameters shown

in Table 4.1.
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Table 4.1: The moving source fitting parameters of the energy spectrum for particles

produced in 3He + Ag reaction at Ebcam = 200 MeV. The unit for N,- is mb/MeV/sr,

the unit for T.- is MeV.

 

 

 

 

 

 

 

          

Part N1 51 T1 N2 52 T2 N3 53 T3

p 11.93 0.0080 2.22 0.9173 0.0408 10.42 1.158 0.2450 13.31

(1 0.6711 0.0087 4.01 0.2351 0.0898 12.81 0.2556 0.2688 16.03

t 0.1843 0.0085 4.71 0.0886 0.0761 11.49 0.03997 0.2126 15.65

3He 0.03607 0.0324 7.90 0.03273 0.1611 16.09 0.2075 0.3801 17.69

4He 3.292 0.0112 3.14 0.2474 0.0534 9.01 0.03557 0.1578 15.58

6Li 0.008834 0.0139 3.28 0.003927 0.0569 10.24 0.001068 0.1455 11.13
 

 



70

and Yg(p2) (shown in Figure 4.1).

 

Here, p1 and p; are the momenta of the two particles in the laboratory and q =| p(v1 —

v2) | is the relative momentum between the two particles. For each experimental

gating condition, the sums on Equation 4.2 are extended over all energy, position

and detector combinations corresponding to specific relative momentum bins. The

normalization constant Cu in Equation 4.2 is chosen so that R(q) vanishes at large

relative momenta where final state interactions between the two particles become

negligible.

As illustrated by proton inclusive cross sections (see Figure 4.1), many different

mechanisms contribute to proton emission. The low energy protons (E < 16 MeV)

are due to the evaporation from equilibrated or nearly equilibrated target residues.

At high energies (E > 30 MeV), the proton spectrum shows more energetic contribu-

tions from pre-equilibrium emission and projectile break up. These non-equilibrium

processes become less important with increasing angle. In terms of the space and

time evolution of the system, pre-equilibrium proton emission should correspond to a

short lived spatially localized region which corresponds initially to the overlap of the

two colliding nuclei. The proton emission from the equilibrated target like residue

should correspond to a larger and/or longer lived source. The complete space-time

should display an evolution between these two extremes, with pre—equilibrium emis-

sion mechanism most important for higher energy protons and equilibrium mechanism

most important for low energy protons.

The energy gated proton-proton correlation function is shown in Figure 4.4; the

different energy gates contain different portions of equilibrium and non-equilibrium

emission. Consistent with previous measurements [Boal 90b, Lync 83, Chen 87b], the
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Figure 4.4: p-p correlation functions measured for the 3He+Ag reactions at 200 MeV.

The energy gates and the angular locations of the center of the hodoscope are indi-

cated in the figure. The curves are discussed in the text.
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correlation functions exhibit maxima at q=20 MeV/c, which is due to the attractive

singlet S-wave final state interaction. For low energy protons (E = 12-16 MeV at

9,4 = 420 and E = 12-25 MeV at 94 = 109°) the maxima are strongly attenuated,

qualitatively consistent with an evaporative emission mechanism as suggested by the

inclusive energy spectra. The maxima increase with the kinetic energy of the emitted

particles, reaching values for E = 50-80 MeV which are the largest so far observed in

medium energy experiments, indicating rapid emission by a small source.

With the formula developed in Chapter 3, eq. 3.10, 3.11, and 3.12, we can calcu-

late the correlation function with any source density distribution, not only the simple

Gaussian source. For illustration, the solid and dotted curves in Figure 4.4 show cor-

relation functions calculated assuming surface emission from a Ag target—like residue

(R. = 5.7 fm), with an exponential time dependence given by

—t/‘r

 

g(p, 7'. t) 0< po%(r-p)9(rop)5(Rs - r)[e 190) (4-3)1.

Here, p0 is a normalization constant, R(t) is the unit step function, 1' is the source

lifetime, 6 is the Dirac delta function, r and p are the unit vectors for position and

momentum, and (130’/dp3 is extrapolated from moving source fits to the single proton

inclusive spectrum, shown as the dashed lines in Figure 4.1. The correlation functions

for low energy protons can be reproduced with lifetimes of 1' = 300 - 3000 fm/c; the

solid curve shows a calculation for 1' = 500 fm/c. While larger maxima at q = 20

MeV/c are predicted for smaller 1', even the assumption of a vanishing source lifetime

(dotted curve) underpredicts the correlation functions measured for the two highest

energy gates where non-equilibrium emission dominates.

For the higher energy gated correlation functions, the non-equilibrium emission

dominates, and the volume emission is more appropriate for the fitting. The dashed
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and dot-dashed curves show calculations for Gaussian sources of negligible lifetime,

g(p, r, t) 0< 1006"”'3 6(t) (4.4)

with the specific source radii r0 given in the figure. The calculations illustrate that the

correlation functions for the most energetic protons are consistent with instantaneous

emission by a system significantly smaller than the target nucleus.

Further insight can be obtained from the comparison, in Figure 4.5 , of the gaus-

sian source radii extracted from this experiment to radii extracted from measurements

for 1“N, 16O, and 40Ar projectiles incident on heavy targets at different incident en-

ergies. 1“N + 19l'Au at E/A = 35 MeV [Chen 87b], 1“N + 197Au at E/A = 75 MeV

[Gong 90], 16O + 19"Au at E/A = 25 MeV [Lync 83], 16O + 19"Au at E/A = 94 MeV

[Chen 87b], 40Ar + 19"Au at E/A = 60 MeV [Poch 86]. To compare the correlations of

protons emitted at comparable stages of equilibration, these radii have been plotted

as functions of Vp/Vbcam, the ratio of the mean velocity, V}, of the detected protons

to the velocity of the beam, Vbcam.

For Vp/Vbeam > .7, the extracted source radii for 1"N projectiles (open points)

decrease systematically with Vp/Vbcam ; the trend, interpolated by the solid line, is re-

markably independent of the incident energy of the projectile. While the source radii

for 16O projectiles closely parallels those for 14N projectiles, corresponding source

radii extracted for ”At (solid diamonds) and 3H6 (solid circles) projectiles are much

larger and much smaller, respectively. The dashed-dotted and dashed lines, in Fig-

ure 4.5, are obtained from the solid line by multiplying the source radii by the ratios

R(wAr)/R(“N) and R(aHe)/R(“N), respectively, where R(‘oAr), R(I‘N), and R(3He)

are the radii of the 40Ar, 1“N, and 3He projectiles, respectively. This agreement of

extrapolated and measured source radii for 3H6 and 40Ar projectiles suggests that

the spatial extent of the emitting region is governed initially by the overlap of these
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Figure 4.5: Systematics of gaussian source radii extracted for a variety of reactions.

The solid and open points depict experimentally extracted source radii. The solid line

is an interpolation of the source radii extracted for 1‘N projectiles. The dashed and

dotted-dashed lines are extrapolated from the solid line via the ratio of the projectile

radius to the radius of 1"N.
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relatively small projectiles with the heavy target. It is important to note that these

simple trends, observed for V,,/ Vbeam > .7, would not be observed in energy averaged

correlation functions, because such data primarily reflect the correlations of the more

abundant low energy protons where the life time plays an important role and these

trends are not manifest.

The correlation function measurement can be used very effectively to extract in-

formation about the space time evolution of the reaction. It also can be used to test

any nuclear reaction model which makes prediction for a phase space distribution,

like the Wigner function in equation 3.11. In order to determine whether the strong

correlations observed in the present experiment can be reproduced by microscopic

dynamical calculations, we have calculated correlation functions using Wigner trans-

forms which satisfy the Boltzmann-Uehling-Uhlenbeck (BUU) transport equation 3.15

[Bert 84, Bert 88].

In our calculations we assumed a free nucleon-nucleon cross section and an equa-

tion of state with a compressibility coefficient K=240 MeV. Following refs. [Gong 90],

nucleon emission was calculated during a time interval of A t =140 fm/c after the

initial contact of the colliding nuclei. Further details of the numerical procedure are

given in refs. [Gong 91, Baue 88].

The nucleon differential cross section, predicted by the BUU simulation is shown

by the solid histogram in Figure 4.1. The calculation provides a reasonable accounting

for the proton energy spectrum at high energies and forward angles, but underpre-

dicts the data at low energies where evaporative contributions are dominant. The

dashed, dot-dashed and solid curves in Figure 4.6 show correlation functions pre-

dicted by the BUU calculations. For non-equilibrium emission at low (E = 16-25

MeV) and intermediate (E =35-50 MeV) energies, the calculations are in reasonable

agreement with the data. They also reproduce the trend of the correlation function,
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that is, the correlation functions are bigger for more energetic particles. For the

most energetic protons (E =50-80 MeV), however, the calculations underpredict the

observed correlations, a discrepancy not observed in previous comparisons of heavy

ion induced reactions [Gong 90]. For this energy gate, the extracted source radius

was also smaller than the systematic extrapolation presented in Figure 4.5, further

suggesting an enhancement in the correlation function.

As we mentioned previously, the peak at q z 20 MeV/c is from the spin singlet

state of the proton-proton wavefunction. Since the relative wavefunction of the two

protons in the 3H6 nucleus are in a spin singlet state (‘8), there is a possibility that

this large peak may arise from breakup residues. To explore whether this discrepancy

may be a remnant of the spin correlation in the 3He ground state, we varied the

relative weighting of the singlet and triplet states in the p-p relative wave function in

Equation 3.10 according to

| ¢(q,r) l2: 0 | ¢s(q,r) l2 +(1 - a) l 45:01, 1') |2 (45)

where a is a weighting factor and ¢,(q,r) and ¢¢(q,r) are the singlet and triplet spatial

wavefunctions. Setting a = 1 /4 selects the standard statistical weighting adopted for

all calculations but those depicted by the dotted lines in Figure 4.6. Choosing a =

0.45 raises the correlation function to values depicted by the dotted line in Figure 4.6,

comparable to the measured one. This value of a is consistent with the assumption

that about 27% of the proton pairs in the highest energy gate originated in the 3H6

projectile break up and propagated to the detectors with their initial spin correlations

undisturbed. Since the peak of the correlation function is caused only by the spin

singlet wavefunction, it gives rise to a larger correlation function.

To summarize this section, two-proton correlation functions measured for 3He in-

duced reactions on Ag at Ebeam = 200 MeV increase dramatically with the energy
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of the detected protons. Combined with other correlation function data, these mea-

surements suggest that the spatial extent of the emitting region is governed initially

by the overlap of the projectile with the target. For proton energies less than 50

MeV, the measured trends are consistent with those predicted by the Boltzmann-

Uehling-Uhlenbeck equation. This suggests that the localization in spacetime of the

emission of protons with these energies is reasonably well described by the model.

The correlation functions of more energetic protons are underpredicted by the model,

an effect which may reflect remnant spin correlations from the ground state of the

3He projectile.

4.3 The non-identical particle correlation func-

tions

The proton-proton correlation function technique is based on its sensitivity to spatial

localization through final state interactions between the two emitted protons. This

method can be extended to pairs of particles which have a strong attractive final state

interaction which causes the correlation function to deviate significantly from zero.

Deuteron-alpha particle correlation functions have likewise been shown to be sensitive

to the space-time localization of the emitting source by Boal et al. [Boal 86]. While

the interaction between d — 0 pairs is more complicated than for p-p pairs, It can be

parameterized as a sum of Woods-Saxon potentials acting on each partial wave, with

the parameters listed in Table 4.2.

The measured deuteron-alpha correlation function at forward angles (GA = 42°)

is shown in figure 4.7. The sharp peak at q a: 40 MeV/c in the correlation function

is from the 2.186 MeV resonance of 6Li“ (I‘ = 24 KeV, J1r = 3+, Fa/I‘ = 1.0). The

broad peak at q z 80 MeV/c is from the overlap of resonances at 4.31 MeV (F = 1.7

MeV, J1r = 2", Fa/F = 0.97), and 5.65 MeV (F = 1.5 MeV, J1r =1+, Fa/I‘ = 0.74).
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Figure 4.6: Comparison of experimental p-p correlation functions with predictions of

the BUU theory for the 3He+Ag reaction at 200 MeV. The dotted curve is discussed

in the text.
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Table 4.2: The Woods-Saxon potential parameters used in the calculation of d + a

correlation functions. They are obtained from the analysis of the d + a phase shift

data. A negative sign indicates an attractive potential [Boal 86].

 

i j V0 (MeV) R(fm) a(fm)
 

0 0 -5.82 3.8767 0.1963
 

1 0 0.3586 5.57 0.55
 

1 1 0.749 4.14 0.566
 

1 2 1.147 3.848 0.551
 

2 1 -11.3646 4.1823 0.4712
 

2 2 -31.0 2.916 0.6386
 

2 3 -42.045 2.7648 0.70       
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Because the width of the resonance peak at q z 40 MeV/c is too narrow for the

resolution of our hodoscope, the theoretical calculation of the correlation function is

folded with the resolution of the hodoscope to fit the peak of the correlation function,

under the condition that R,” = f dqR(q) is conserved [Chen 87b]. The integration

includes the peak region at 30 MeV/c < q < 60 MeV/c. This latter procedure is

less sensitive to the uncertainty of the exact experimental line shape. For a Gaussian

source of negligible life time, the extracted source size is 2.5fm. To contrast (I — a

correlation function at forward angles with that observed at backward angles, the

correlation function at backward angles (GA = 109°) is shown in figure 4.8. The

magnitude of the peak is smaller than that of the forward angles, corresponding to a

larger size and/or longer life time of the source. This trend is qualitatively consistent

with the proton-proton correlation function measurement. The extracted source radii

from d — a correlation functions, however, are consistently smaller than that from p-p

correlation functions [Chen 87b].

It is interesting to try to construct a systematics for the extracted source sizes from

d-a correlation functions to see if it also has a scaling relationship like the one for p—p

correlation functions shown in Figure 4.5. Figure 4.9 shows the gaussian source radii

extracted from d-a correlation functions as a function of Vp/Vbeam for this experiment

and the following experiments, 14N + 197Au at E/A = 35 MeV [Chen 87b], 160 +

197Au at E/A = 94 MeV [Chen 87b], and 4°Ar + 19I'Au at E/A = 60 MeV [Poch 86].

The experimental data follow a systematic trend similar to that shown in Figure 4.5.

The solid and dashed lines are, in fact, directly taken from Figure 4.5 and multiplied

by a factor of 0.7. This scaling factor may reflect the fact that the mean free paths for

deuterons and alpha particles in the nuclear medium are somewhat shorter than the

mean free path for protons. So the effective source volume is somewhat smaller. The

data points follow the scaling line quite nicely, even at small Vp/Vbeam, in contrast to
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Figure 4.7: The d-a correlation functions with the Gaussian source fitting parameter

for the 3He+Ag reaction at 200 MeV. The hodoscope centered at 6,4 = 42°
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the p-p correlation systematics, where some of the data at small Vp/Vbcam deviates

significantly from the scaling trend. This may reflect the fact that the contributions

to the deuteron spectra from target like compound nuclear evaporation are smaller

than for protons.

4.4 The excited state population measurement

The 5Li and 6Li unbound excited state populations were measured in this experiment,

and used to deduce the emission temperature of the fragmenting system at breakup.

5Li —1 p + a

The ground state of 5Li is unstable with respect to decay into a proton and an alpha

particle, 5Li —+ p + a. Protons and 0 particles were measured in coincidence during

the experiment and the resultant p — a correlation function is shown in Figure 4.10.

We have chosen to present the data for these lighter system in the form of correlation

functions because it is easier to view the background in such plots. The broad peak

at E"; z 2 MeV in the correlation function is from the decay of the 5Li ground state

with spectroscopic parameters J1r = %-,I‘ = 1.5 MeV, I‘p/F = 1.0. At even lower

relative energies, there is a small rise in the correlation function, which may be due to

the decays from 98 in their ground states. 939., —> p+° Beg“, -+ p+ a + a [Naya 92].

To accommodate this process, we included an extra Breit-Wigner resonance term

with decay width F = 0.055 MeV at Ere, z 0.19 MeV in the overall fitting. Because

the state at E"; z 2 MeV is very broad, one must consider the modification of the

resonance line shape due to the Boltzman factor exp(—E'/T) with T = 4 MeV. This,

however, does not influence significantly the extraction of the emission temperature.

The best fit to the spectra is shown as the solid line in the figure. The major source of

uncertainty comes from the systematic uncertainty in the background estimation. The
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two dashed lines shows the upper and lower extremes of the estimated background,

the background for the best fit lies in between these two dashed lines. Since there is

no stable 5Li ground state, the measured energy spectrum for stable °Li nuclei was

used for the efficiency calculation [Chen 88]. The extracted population probability

is thus relative to the °Li ground state and has no meaning by itself. It becomes

meaningful when it compared with the population probability for 5Li excited state at

E‘ = 16.66 MeV. The comparison allows one to extract temperature for 5Li nuclei,

removing most of the uncertainty in the efficiency calculation due to the lack of a

measured energy spectrum for 5Li nuclei.

5L5 —-> d + 3He

The excited state of 5Li nuclei at 16.66 MeV decays to a deuteron and a 3He nucleus.

The correlation function of d+3He is shown in Figure 4.11 for data taken at 60., = 42°.

The peak near the threshold is from the decay of 16.66 MeV excited state of 5Li with

spectroscopic parameters J1r = g”, I‘ = 0.20 MeV, I‘d/F = 1.0. The R-matrix formula

was used to fit the excited state and extract the population probability. The resonance

parameters are, E,\ = 129 KeV, 72(d) = 780 KeV, 1.1 = 0,ad = 7 fm, 72(1)) = 12 KeV,

I, = 2, ap = 7 fm, with boundary condition parameters 3,; = Ba = 0. Another

wide excited state at E“ = 20 MeV were also included in the fit, but not analyzed

further. Because the d and 3H8 have different charge to mass ratios, they experience

different Coulomb accelerations from the residue. The relative energy spectrum is

thus distorted [Poch 86]. The resonance energy shift of 100 KeV is applied to fit

the data. The °Li ground state is used for the efficiency calculation, and extracted

population must be compared with the population of the ground state of 5Li to extract

the temperature. An apparent temperature of T = 4.03 :1: 0.17 MeV, from 5Li excited

states is obtained by comparison to Equation 3.27 without corrections for sequential
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Figure 4.10: The p — a correlation function measured in the 3He + Ag reaction at

Em", = 200 MeV at 6“,, = 42°. The solid lines depict the best fit to the data, and

the dashed lines depict extreme assumptions about the background used to estimate

the systematic uncertainties due to background subtraction.
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feeding. Comparison with sequential decay calculations are discussed in the later part

of this chapter.

°Li—+d+a

The d — a correlation function was measured in the experiment and is shown in

Figure 4.12 for data taken at GM = 42°. The narrow peak at E"; z 0.71 MeV is from

the decay of the °Li excited state at E“ = 2.186 MeV with spectroscopic parameters

J1r = 3"”,F = 0.024 MeV, Fc/F = 1.0. Also included in the fit is the broad peak at

E z 3 MeV, which is from the overlap of two resonances at 4.31 MeV (F = 1.7 MeV,

J1r = 2+, Fa/F = 0.97), and 5.65 MeV (F = 1.5 MeV, JW :14", Fa/F = 0.74). The

solid line depicts the best fit to the data using the Breit-Wigner formalism. The two

dashed lines indicate two extreme assumptions for the background which are used to

estimate the systematic uncertainty in the fit. The energ spectrum for stable °Li

nuclei are used as input to the efficiency calculation and the population probability

is given with respect to the observed particle stable yield and was used to extract an

apparent temperature. Apparent temperatures of T = 2.86 :1: 0.37 MeV, T = 3.94 :l:

0.55 MeV, and T = 5.86 :l: 1.83 MeV, were obtained by comparing Equation 3.27 to

the ratios of populations of the +3 excited state over the ground state, the +2 plus

+1 excited states over the ground state, and the +2 plus +1 excited states over the

+3 excited state respectively, without corrections for sequential feeding. Comparison

with sequential decay calculations are discussed by the end of this chapter.

°Li —-> d + a at backward angles

The d — a correlation function is shown in Figure 4.13 for data taken at the

backward angle setting at 90,, = 109°. The solid line is the best fit to the data

assuming a Breit-Wigner line shape. The two dashed lines indicated two extremes
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Figure 4.11: The d —3 He correlation function measured in the 3He + Ag reaction at

E5“... = 200 MeV at 6..., = 42°. The solid lines depict the best fit to the data, and

the dashed lines depict extreme assumptions about the background used to estimate

the systematic uncertainties due to background subtraction.
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Figure 4.12: The d — a correlation function measured in the 3He + Ag reaction at

Emu. = 200 MeV at 9... = 42°. The solid lines depict the best fit to the data, and

the dashed lines depict extreme assumptions about the background used to estimate

the systematic uncertainties due to background subtraction.
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in the background used to assess the systematic uncertainties due to the background

subtraction. The best fit background lies in between these two extremes. A quite

low apparent temperature of T = 0.93 :1: 0.042 MeV is obtained by comparison to

Equation 3.27 without corrections for sequential feeding. Comparison with sequential

decay calculations are discussed by the end of this chapter. It is not possible to analyze

the populations of the higher lying excited states at E" = 4.31 and 5.65 MeV due to

limited statistics.

Apparent temperatures extracted from 5L1 and °Li excited state population prob-

abilities without correction for sequential decay are indicated by the solid points in

Figure 4.14. Some modifications of population probabilities and apparent tempera-

tures are expected due to the sequential feeding of states by heavier particle unstable

fragments. In the upper part of Figure 4.14, we plot the prediction of the sequential

decay calculations of the apparent temperature for an initial temperature of T = 4

MeV as the open points. The error bars here corresponds to a range of calculated

values due to uncertainties in the unknown spins, parities of excited states included in

the calculation. The solid points are experimental measurements with the hodoscope

at forward angle setting (9“,, = 42°). The difference between the data and calcula-

tion is small for 5Li excited states because of the large energy gap between the two

excited states, where it is less influenced by sequential decay from higher lying states

[Poch 86]. On the other hand, the influence of the sequential feeding effect is big for

°Li nuclei, where the energy gaps are smaller. In the bottom part of Figure 4.14,

the solid point is experimental measurement with the hodoscope at backward angle

setting (9“,, = 109°). The extracted apparent temperature is very low. The open

point represents the sequential decay calculation with an initial temperature of T =

1 MeV. At this low temperature, the sequential feeding effect is small because the

higher lying states have small probabilities to be populated.
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Figure 4.13: The d — a correlation function measured in the 3He + Ag reaction at

Em". = 200 MeV at 9.. = 109°. The solid lines depict the best fit to the data, and
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The top panel shows the forward angle (9.", = 42°) measurements along with sequen-

tial decay calculations for an initial temperature of T = 4 MeV. The bottom panel

shows the backward angle (9“,, = 109°) measurements along with sequential decay

calculations for an initial temperature of T = 1 MeV.  



93

To try to understand this very low temperature at backward angles, in Figure 4.15,

we compare the extracted temperature for backward angles (shaded area) with a

quasiparticle dynamics (QPD) calculations (solid points) [Boal 88a]. In QPD simula-

tion model, the Hamiltonian includes both Coulomb and isospin-dependent terms, and

incorporates the Pauli antisymmetrization effects through a momentum-dependent

potential. Gaussian wave packets with a fixed width parameter are used for single

particle states, and the evolution of the system of nucleons are represented by a col-

lection of quasiparticles obeying classical equation of motion. Most important for

our concerns, the nuclei produced from this simulation have stable and well defined

ground states, the binding energies per nucleon are close to the measured values over

a wide mass range. The excitation energies of nuclei produced in a simulation are

thus well defined.

In our calculation for 3H6 + Ag reaction at Ebcam=200MeV using the QPD sim-

ulation model, we calculate the most probable residue with a mass of A=108 and a

charge of Z=47. We evaluate the excitation energy of this residue after an elapsed

time of t=90fm/c, when the potential energy of the system has a minimum. From

BUU calculations, this corresponds to a maximum in the thermal excitation energy

[Xu 92]. At this time, the angular momentum of the residue is calculated and the

rotational energy of the residue is subtracted from the excitation energy. This reduces

the mean residue excitation at b w 1 from E‘/A z 0.783MeV to E‘/A z 0.778MeV.

After the emission of °Li fragment, the excitation energy of the residue with A=102

and Z243 fragment is reduced by the kinetic energy release and °Li separation energy.

This reduces the excitation energy from E‘/A z 0.778MeV to E‘/A z 0.111McV.

The temperature of the final residue can be calculated from

T =1/E*/a (4.6)
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with a = A/8.

In Figure 4.15, the solid points represent the extracted residue temperatures cal-

culated from the QPD simulations as a function of impact parameter. In central

collisions, the projectile deposits enough excitation energy into the residue which has

a temperature in agreement with the measurement. At large impact parameters, the

temperatures decrease because the projectile deposit less excitation energy into the

residue. Clearly, the low temperature observed experimentally is not inconsistent

with the predictions of quasiparticle dynamics model.
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Figure 4.15: The comparison of extracted apparent temperatures of °Li nuclei in the

3He + Ag reaction at backward angles (9..., = 109°) with the QPD calculations.

Solid points are the QPD calculations with different impact parameters. Shaded

area represent the temperature with its uncertainty extracted from °Li excited state

population.



Chapter 5

36Ar + 197Au reaction at E/A =

35 MeV

In energetic nucleus-nucleus collisions, very hot and dilute nuclear systems can be

created which decay on time scales commensurate with nuclear relaxation times, see

[Gelb 87, Sura 89, Guer 89, Cser 86, Lync 87]. These transient excitations offer sin-

gular opportunities for determining the statistical properties of hot nuclei [Sura 89,

Guer 89] and hot nuclear matter [Cser 86, Lync 87, Souz 91, Bowm 91, Ogil 91]. Such

investigation are often based upon the assumption that the hot nuclear system at-

tains local thermal equilibrium [Cser 86, Lync 87]. As mentioned in the introduction,

a recent test of this assumption for 1“N +'“" Ag reaction at E/A = 35 MeV, revealed

strong non-thermal inversions in the excited state populations of emitted l°B frag-

ments [Naya 89, Naya 92]. Since this measurement was performed without impact

parameter selection, there are some questions whether such effects may be related to

the dominance of large impact parameter collisions by non-equilibrium transport phe-

nomena [Awes 84, Vand 84, Rand 78, Doss 85]. To explore this issue, we measured

1°B and other particle unbound excited state populations for 36Ar +197 Au reaction

at E/A = 35 MeV, in conjunction with a charged particle multiplicity filter. Using

the charge particle multiplicity as an impact parameter filter, one may try to measure

the impact parameter dependence of the emission temperature in a less ambiguous

96
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manner.

In the experiment, a 1.0 mg/cm2 19“'Au target was bombarded with a 1260 MeV

36Ar beam produced by the K500 cyclotron of the National Superconducting Cy-

clotron Laboratory of Michigan State University. The Miniball 47r array was used

as an impact parameter filter, while the 13 element hodoscope was used to measure

the excited states population for 10B and other particle unstable intermediate mass

fragments (IMF’s : Z=3-20) [Mura 89]. Some of the modifications of the hodoscope

and the Miniball were described in chapter 2. The 200 pm non-planar surface bar-

rier silicon detectors in the hodoscope were replaced with 150 pm planar detector to

improve particle identification for the light particle telescopes and simplify the data

analysis.

5.1 Charge particle multiplicity distribution and

impact parameter selection

The impact parameter of a violent nuclear collision can not be directly measured,

but can be inferred in many ways [Tsan 89, Phai 92]. The most direct and most

widely used impact parameter filter is the charged particle multiplicity [Tsan 89]. It

relies on the fact that, when the projectile and target have a head on collision, energy

will be more equally shared among all nucleons and therefore more particles will be

produced than in peripheral collisions. The particle multiplicity is assumed to have

a monotonic dependence upon the impact parameter in this approach. The linear

momentum transfer to a target like residue can also serve as impact parameter filter

[Faty 87, Chen 87a], because the fraction of linear momentum of the projectile which

is transferred to the target nucleus is larger in central collisions than in peripheral

reactions. A cross calibration of charged particle multiplicity and the linear momen-

tum transfer filter was performed for ”Ar +238 U reactions at 35 MeV/A [Tsan 89]
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and the two methods were found to be in qualitative agreement; providing further

support for impact parameter filters based on charged particle multiplicity.

For 36Ar +197Au collisions at E/A = 35 MeV, an impact parameter filter has been

constructed using the total charged particle multiplicity detected in the Miniball

[Kim 92]. The top panel of Figure 5.1 shows the detected total charged particle

multiplicity distribution for this experiment. A monotonic relationship has been

assumed between the multiplicity and the impact parameter in order to assign the

impact parameter using the multiplicity. This can be easily expressed as an integral

relationship,

(b/b,,,,,,)2 = [1:11PM (5.1)

Where bma, corresponds to the impact parameter at which the mean multiplicity is

equal to 2. The bottom panel of Figure 5.1 shows the relationship between the total

charged particle multiplicity and the impact parameter obtained from Equation 5.1.

We would like to construct an impact parameter filter for the Miniball-Hodoscope

experiment which is equivalent to the impact parameter filter shown in Figure 5.1.

To complicate this connection, however, the trigger conditions of the experiments are

different. The multiplicity distribution in Figure 5.1 was obtained with a trigger which

requires two or more charged particles in the Miniball, while the Miniball-Hodoscope

experiment also require at least one more particle in the Hodoscope as well. This

additional requirement reduces the contribution from peripheral collisions greatly, as

we will see later. Nevertheless, it is straight forward to cross calibrate the multiplicity

filters of the two experiments. The details are explained in the following.

We performed this cross calibration using data from the Miniball standalone exper-

iment. It was important to select events in this latter experiment which are equivalent
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extracted impact parameter (lower panel) and their relationship, from 3°Ar +197 Au

reaction at E/A = 35 MeV with Miniball as a standalone device [Kim 92].
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to those measured in the Miniball-Hodoscope experiment. Several steps were taken

to make this correspondence.

1. Some of these detectors which were at the appropriate angles were chosen to

mimic the hodoscope telescopes.

2. We require the detection of one intermediate mass fragment (IMF, Z=3-20) in

these pseudo-hodoscope telescopes.

3. We removed from the analysis of the Miniball standalone experiment those

detectors which were removed in the Miniball-Hodoscope experiment.

4. The resulting associated multiplicity could then be plotted as a function of the

total charged particle multiplicity in the total array to obtain the correspon-

dence between the two quantities. In this fashion one could calibrate the impact

parameter filter based upon the associated charged particle multiplicity.

In the Figure 5.2, we show the correlation between the mean total (< N: >)

and associated (Na) charged particle particle multiplicities for events in which a l°B

nucleus is detected in the pseudo-hodoscope detectors. In general, < Nc >z Na + 2

over the range of events considered. On the right hand side, we show the impact

parameter assignment deduced from the relationship between Nc and b in Figure 5.1.

The associated charged particle multiplicity distribution of the Mini-Ball in coin-

cidence with 10B nuclei detected in the hodoscope is shown in Figure 5.3. The solid

squares indicate the probability of observing a charged particle multiplicity NA in the

Miniball in coincidence with the detection of a 10B nucleus in the hodoscope. The

dashed line indicates the corresponding inclusive multiplicity distribution, arbitrarily

normalized, which was obtained with the part of Miniball which was used as a filter,

but without the requirement of the detection of a 1°B nucleus in the hodoscope. In
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the case of events triggered with a 10B nucleus, the probability of having very high

multiplicity events is reduced, possibly reflecting the fact that 1"B takes away a great

amount of energy, leaving less excitation energy for particle emission. This interpre-

tation is supported by the associated multiplicity distribution corresponding to the

detection of one proton in the hodoscope, shown by the open circles. Protons carry

away less energy and have an associated multiplicity distribution which deviates less

from the inclusive multiplicity distribution (dashed line). For both protons and 1"B

fragments, the detection of one charged particle in the Hodoscope suppresses the pe-

ripheral reactions greatly. This effect is stronger for the 10B distribution than for the

protons, consistent with previous observations [Souz 90, Kim 92].

The solid squares in Figure 5.3 show the corresponding multiplicity distribution

for correlated 6Li and (1 particles detected in the hodoscope. Both the 10B (solid

squares) and a -6 Li (solid circles) trigger conditions appear to select equivalent

impact parameters. The open squares show the associated multiplicity distribution

for a —6 Li events obtained with the pseudo-hodoscope trigger condition imposed

on the Miniball for the experiment which was performed in the standalone mode.

Clearly this simulated data is nearly indistinguishable from the a —6 Li data taken

in the Miniball-Hodoscope experiment.

The impact parameter selection gates, indicated by the dashed-dotted lines, were

used later on to distinguish peripheral (NA _<_ 5) and central collisions (NA Z 10)

collisions. Also shown at the top of the figure is the impact parameter scale which

was obtained from Figure 5.2 using Equation 5.1.
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5.2 The impact parameter selected particle sin-

gles cross section

Figure 5.4 shows the energy spectra for protons, deuterons, and tritons for the pe-

ripheral (5 S NA) and central (NA Z 10) collision gates. The spectra for peripheral

collisions (left panels) are considerably more forward peaked and more energetic than

the spectra for central collisions(right panels). The energy range of the spectra is

rather limited because protons with energies larger than 30 MeV penetrate through

the 5 mm silicon(Li) detectors and can not be separated isotopically. The spectra

have been fitted with Equation 4.1 and the fitting parameters are listed in Table 5.1.

The multiplicity gated singles energy spectrum for other particle types are shown

in Figure 5.5. As before, the left panels are gated on peripheral reactions and those in

the right panels are gated on central reactions. In general, the spectra for peripheral

collisions are more forward peaked and are flatter at forward angles than the spectra

for central collisions. This is consistent with a greater dissipation of the incident

energy into other degrees of freedom for central collisions. The solid lines depict the

moving source fits to the energy spectra. These will be used later on for efficiency

function calculations. The corresponding moving source fitting parameters are listed

in Table 5.1. It is important to note that, due to the limited angular range of the

data in Figure 5.4 and Figure 5.5, the moving source parameters in Table 5.1 are

not reliable for extrapolation to scattering angles which lie outside the angular range

covered by the Hodoscope. Thus the parameters are useful only as input to the

efficiency calculations to extract the population probabilities in section 5.4.
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Figure 5.4: Single particle cross sections for p, d, t emitted in the 38Ar + 19"An

reaction at E/A=35 MeV. The left panels correspond to the peripheral collision gate

( NA 5 5), and the right panels correspond to the central collision gate ( NA _>_ 10).

The curves are the corresponding moving source fits using Equation 4.1 with fitting

parameters shown in Table 5.1.
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Figure 5.5: Single particle cross sections for ‘He, 6Li and 7Be particles emitted in the

36Ar + 19"Au reaction at E/A=35 MeV. The left panels correspond to the peripheral

collisions gate ( NA _<_ 5) and the right panels correspond to the central collision gate

( NA 2 10). The curves are the corresponding moving source fits using Equation 4.1

with fitting parameters shown in table 5.1.
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Table 5.1: The moving source fitting parameters of the energy spectrum of periph-

eral collision gate (top panel) and central collision gate (bottom panel) for particles

produced in 36Ar + 19"'Au reaction at E/A=35MeV. The cross section unit for N,- is

pb/MeV/sr, the temperature unit for T,- is MeV.

 

Part N1 fll T1 N2 fl: T2 N3 .33 T3
 

4404 0.1368 2.22 2861 0.0395 10.93 16305 0.288 4.44
 

197.0 0.0 10.58 749.0 0.0621 7.55 1591 0.3122 19.92
 

129.9 0.0 16.81 367.6 0.0750 9.36 924.7 0.3207 27.47
 

4He 2942 0.0155 2.81 1875 0.0575 7.43 1248 0.1588 12.34
 

6Li 417.5 0.0001 13.52 622.7 0.1393 15.12
 

7Be 111.8 0.0435 3.42 1534 0.2085 9.27 90.22 0.1056 19.20
  lOB  41.99  0.0543  14.74  89.25  0.1346  17.98    
 

 

165.9 0.0787 7.53 2282 0.0232 10.01 1047 0.1432 5.35
 

1674 0.0 0.35 952.1 0.0497 9.26 609.8 0.2070 6.38
 

311.6 0.0001 13.74 309.9 0.0841 8.24 626.5 0.2323 8.98
 

‘He 1920 0.0001 10.72 1351 0.0814 6.14 471.8 0.1478 10.68
 

6Li 403.1 0.0790 14.00 931.2 0.1870 8.34
 

7Be 14.19 0.0001 26.21 170.8 0.1759 9.52 53.05 0.0826 15.88
 

10B  78.28  0.086  13.67  46.77  0.1595  11.40    
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5.3 The impact parameter selected two particle

correlation functions

As we demonstrated in the last chapter, two particle correlation functions are sensitive

to the space time extent of the region emitting these particles. In the participant

spectator model [Goss 77], preequilibrium particles are emitted from the region of

geometrical overlap between projectile and target nucleus. This overlap region is

small in peripheral collisions, and involves most of the projectile and target nucleus

for central collisions. BUU calculations also predict that the source size deduced

from proton-proton correlation functions will follow the general trends predicted by

the participant spectator model for protons with meton < Vbcam [Gong 91]. The

dependence of the source radii on impact parameter for protons with meon > Vbeam

is considerably more complicated [Gong 91]. Impact parameter selected two proton

correlation functions has been explored for collisions at E/A = 400 MeV [Gust 84].

These measurements were consistent with small sources for peripheral collisions and

large sources for central collisions, consistent with the participant spectator model.

By using the source sizes extracted from p-p correlation function and the proton

multiplicity, Gustafsson et al. deduced a freeze out density of the collision (ie. the

density where interactions between protons cease) which was about 25% of normal

nuclear matter density.

The multiplicity selected two proton correlation functions is shown in Figure 5.6.

Since the NaI(Tl) detectors were taken away in order to fit the hodoscope into the

Miniball array, the maximum energy of stopped protons is less than 30 MeV and the

mean value of Vp/wam z 0.74. Over this range of proton energies, the proton spec-

tra have large evaporation contributions and the proton correlation functions should

therefore correspond to a large and/or long lived source. As shown in Figure 5.6, the
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Figure 5.6: proton-proton correlation functions selected by the impact parameter in

the 3"Ar + 19"Au reaction at E/A=35 MeV.
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correlation functions are small. For illustration, a gaussian source with a zero lifetime

is used to fit the correlation function. The corresponding source radii are shown in

the figure as well.

Deuteron-alpha correlation functions can be explored over a larger energy range

in this experiment. Deuteron-alpha correlation functions gated on multiplicity are

shown in Figure 5.7. The top panel depicts correlation functions gated on peripheral

reactions and the bottom one depicts correlation functions gated on central collisions.

Central collisions display smaller correlation functions, consistent with larger source

sizes than those observed for peripheral collisions. For illustration, a gaussian source

with a zero lifetime is used to fit the correlation function. The corresponding source

radii are shown in the figure as well.

The extracted source sizes for d - a correlation functions are plotted as a function

of the impact parameter in Figure 5.8 as solid circles. The extracted source sizes for p-

p correlation functions are plotted as solid squares for comparison. The general trends

of larger source sizes for central collisions is consistent with the trends predicted by

the participant spectator model. It is also consistent with trends predicted by BUU

simulations for particles with velocity less than the beam velocity [Gong 91]. The

extracted source sizes from d — a correlation functions are smaller than the source

sizes from p-p correlation functions, but they do not follow the scaling factor 0.7. It

should be noted that the 40Ar correlation functions in Figure 4.5 also did not follow

the scaling behavior at Vp/me, z 0.7. This may be due to the low energy range

of the detected protons, where source lifetimes play a more important role than the

source spatial dimensions.
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5.4 Impact parameter selected 10B excited state

populations, and thermalization in nucleus-

nucleus collisions.

Light nuclei only have one or two excited states which may be used to extract temper-

ature from population probabilities of excited states [Chen 88]. Testing the internal

consistency of such a temperature extraction, however, requires the exploration of

many excited states to see if they are consistent with a common temperature. For

such purposes, we examined 1OB nuclei for which many excited states of known spins

and parities can be measured [Naya 89]. We examined five excited states which decay

by the 10B -+ 6Li + a and 10B —+ 933 + p channels. Previous inclusive measurements

of 10B excited states have revealed non-statistical population inversions [Naya 89].

By allowing an impact parameter selection, we examine whether these non-statistical

population inversions are coming from peripheral collisions [Zhu 92].

Figure 5.9 shows the energy spectra for 10B nuclei detected at 45° in the high

resolution hodoscope, for low multiplicity (solid points) and high multiplicity (solid

squares) gates on the Miniball. The solid lines denote moving source fits, which

were used in the efficiency calculations. The energy spectra for peripheral collisions

extends to higher energies than the energy spectra for central collisions. This suggest

a greater degree of thermalization for central collisions.

The population probabilities of particle unstable states in 10B nuclei were mea-

sured by detecting their coincident decay products. These yields are shown as a

function of excitation energy for the 1"B —> 6Li + a and 1"B —) 9Be + p decay

channels in the upper and lower halves of Figure 5.10 respectively. Spectra obtained

for peripheral and central collisions are shown in the left and right sides of the figure,

respectively. The separation energy E, for each decay channel and the locations and
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spins of the relevant particle unstable excited states of 10B nuclei are indicated in the

left hand panels of the figure.

We analyzed four peaks in the 1"B —-> 6Li + a decay channel (upper panels). The

first peak is the 10B excited state at E“ = 4.774 MeV with spectroscopic parameters

J1r = 3+,l" = 0.0084 KeV, I‘d/F = 1.0. The second peak consists of threes excited

states at E“ = 5.1103 MeV (J1r = 2', F = 0.98 KeV, I‘m/l1 = 1.0. ), E“ = 5.1639 MeV

(J1r = 2+,I‘ = 0.00176 KeV, I‘a/I‘ = 0.13.), and E‘ = 5.18 MeV (J1r =1+,I‘ = 110

KeV, Fa/I‘ = 1.0. ). The third peak also consists of three states, E" = 5.9159 MeV

(J’r = 2+,I‘ = 6 KeV, I‘a/I‘ = 1.0. ), E" = 6.0250 MeV (J’r = 4+,I‘ = 0.05 KeV,

I‘a/I‘ =1.0. ), and E“ = 6.1272 MeV (J1r = 3',F = 2.36 KeV, I‘d/1‘ = 0.97. ). The

fourth peak is at E" = 6.56 MeV with spectroscopic parameters J1r = 4‘,I‘ = 25.1

KeV, I‘a/l‘ = 1.0. Following ref. [Naya 89], two excited states of 10B at E“ = 8.889

MeV and E“ = 8.895 MeV, which decay to the 3.563 MeV excited state of 6Li by a

emission, were included in the fitting of the spectrum but had statistically insignificant

yields and were not analysed further.

The decay spectra for the 10B -> 983 + p decay channel were shown in the lower

panels. We concentrated on the group of four states at, E“ = 7.43 MeV (J1r = 2‘, F =

100 KeV, I‘p/I‘ = 0.70. ), E" = 7.467 MeV (J1r = 1+,I‘ = 65 KeV, I‘p/I‘ = 1.0. ),

E‘ = 7.478 MeV (J’r = 2+,I‘ = 74 KeV, I‘p/I‘ = 0.65. ), and E" = 7.5595 MeV

(J1r = 0+, F = 2.65 KeV, I‘p/I‘ = 1.0. ). The peak near the threshold consists of two

peaks of 6.873 and 7.002 MeV, which we included in the fit, but lacking the relevant

branching ratio information, we did not extract the population ratio from them. The

other group of states consists of three states, E" = 7.67 MeV (J1r = 1*, F = 250 KeV,

I‘p/I‘ = 0.30. ), E“ = 7.819 MeV (J1r = 1’,I‘ = 260 KeV, I‘p/I‘ = 0.9. ), and E" =

8.07 MeV (J1r = 2+,l" = 800 KeV, I‘p/I‘ = 0.1. ). Those states are included in the

fit, but were not analyzed further because the statistics were insignificant to draw
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any conclusions. A small peak near 8.9 MeV consists of two peaks, E“ = 8.889 MeV

(J1r = 3',I‘ = 84 KeV, I‘p/I‘ = 0.95. ), and E‘ = 8.895 MeV (J1r = 2+,F = 40 KeV,

1“,,/F = 0.19. ). These two states were included in the fit also, but the statistics were

also too insignificant to draw any conclusions.

The population probabilities, n,-, were extracted by fitting the coincidence yield,

for different assumptions about the background. Reasonable fits were obtained for

backgrounds lying within the values bounded by the dashed lines in Figure 5.10. The

population probabilities, no, were assumed to be the same within those groups of

states in Figure 5.10, which were not resolved experimentally. The best fits to the

coincidence yields, are shown by the solid curves in Figure 5.10.

Figure 5.11 shows the measured population probabilities as a function of excitation

energy for peripheral (left side) and central (right side) collisions. The error bars

include the uncertainties in the background subtraction bounded by the two assumed

background coincidence yields displayed in Figure 5.10. In thermal as well as many

statistical models, the initial excited state population probabilities of intermediate

mass fragments should be proportional to a Boltzmann factor, czp(-E‘/T,ff) where

T,” is the effective temperature of the system at breakup. The dashed lines in

Figure 5.11 show the exponential dependence dictated by the Boltzmann factor for

TBIf = 4 MeV. For peripheral collisions, the measured relative populations deviate

significantly from the expected monotonic behavior and a population inversion is

observed; the group of states at E z 6.0 MeV is populated much more strongly

than the lower lying states at 5.2 and 4.8 MeV. Such effects were also observed in

the inclusive measurements of ref. [Naya 89]. The inversions disappear for central

collisions. The population probabilities, however, do not fall off exponentially as

expected from the Boltzmann factor; instead, one observes an approximately constant

population probability for the 5.2 and 6.0 MeV levels.
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The initial populations of excited states will be modified by the sequential feeding

from heavier particle unstable nuclei. These feeding corrections have been estimated

via calculations in which it is assumed that the excited states of primary emitted frag-

ments are populated thermally; the initial elemental yields are subject to a constraint

that the final elemental distributions are consistent with the measured elemental dis-

tributions [Naya 89, Naya 92]. Details of the calculation are given in chapter 3. In

these calculations, decay branching ratios were calculated from the Hauser-Feshbach

theory [Hans 52] with parity and isospin conservation taken into account [Naya 92];

known branching ratios [Ajze 87] were used when available. Unknown spins or par-

ities of low lying discrete states were assigned randomly and calculations repeated

with different spin assignments until the sensitivities of the population probabilities

to these uncertainties could be assessed.

In order to provide an overall comparison between the calculated and measured

population probabilities, a least squares analysis was performed by computing x3(T)

for a range of initial emission temperatures.

Xu((_T) :2: (nwpéi‘ ncal,i(T))2. (5.2)

”i=1 aezp,i + acalfi

 

Here, new; and nah-(T) are the measured and calculated population probabilities and

03m-,- and a; are the corresponding uncertainties. The resulting values of x2(T) are

shown in Figure 5.12. Optimal agreement between calculated and measured popu-

lation probabilities is obtained for both central and peripheral collisions at temper-

atures of about T Rt: 3 — 5 MeV. Similar residue temperatures have been obtained

in dynamical [Xu 92, Boal 89] and in statistical [Levi 84, Gros 88, Bond 85, Frid 88]

calculations.

For T = 4 MeV, the population probabilities obtained by the sequential decay

calculations are indicated by the open bars in the Figure 5.11; the vertical extent
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of the bars graphically demonstrates the range of theoretical values obtained for ten

randomly chosen assumptions about the unknown spins of low lying discrete states.

Rotational effects may add comparable contributions to the uncertainties in the cal-

culated population probabilities [Naya 92]. The population probabilities obtained

from the sequential decay calculations cannot be reconciled with the population in-

versions observed for peripheral collisions. For central collisions, on the other hand,

the discrepancies between calculated and measured population probabilities are much

smaller, but still too large for a purely thermal interpretation.

5.5 Impact parameter selected excited state pop-

ulations for 5Li, 6Li, and 7Be fragments.

In addition to 10B fragments, we can analyze several excited states of 5Li, 6Li, and 7Be

fragments to test our preliminary conclusions that greater thermalization is achieved

in central collisions. Although each of these nuclei has only one or two excited states

which can be analyzed, the overall trend may provide sufficient information for a

comparison.

5Li —+ p + a

The ground state of 5Li is not particle stable, it decays to a proton and an alpha

particle, 5Li —» p+a. The p—a correlation function is shown in Figure 5.13. The left

panel shows the results for peripheral collisions and the right panel shows the results

for central collisions. The broad peak at E"; z 2 MeV is from the decay of the 5Li

ground state with spectroscopic parameters J1r = %-,I‘ = 1.5 MeV, I‘p/I‘ = 1.0. At

low relative energies, there is a narrow peak at E"; z 0.19 MeV, which is attributed

to the decay of ground state of 9B. 9B,, -+ p + 8869,, -) p + a + a [Naya 92].

When we fit the data using the Breit-Wigner formula, a second resonance is included
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at E"; = 0.19 MeV with a decay width of F = 0.055 MeV to accommodate this

process. Because the state at E"; z 2 MeV is very broad, we include the line

shape distortions caused by the Boltzman factor exp(—E/T), with T = 4 MeV, in

the fit. The best fit is shown as the solid line in the figure. The two dashed lines

shows the upper and lower extremes of the estimated background, which were used

to estimate the systematic uncertainty in the background subtraction. Since there is

no stable 5Li ground state, the energy spectra for stable 6Li were used as input to the

efficiency calculation [Chen 88]. Therefore, the extracted population probability in

Table 5.2 is relative to the 6Li stable yield and has no meaning by itself. It obtains its

meaning when it is compared to the population probability for the 5Li excited state

at E" = 16.66 MeV. In this comparison, the uncertainty of the efficiency calculation

due to lack of stable 5Li energy spectra largely cancels out.

5Li —+ d + 3He

The excited state of 5Li nuclei at 16.66 MeV decays to a deuteron and a 3He. The

impact parameter selected at —3 He correlation functions are shown in Figure 5.14.

The left panel shows the spectrum for peripheral collisions and the right panel shows

the spectrum for central collisions. The peak near threshold is from the decay of

the 16.66 MeV excited state with spectroscopic parameters J1r = %+, F = 0.20 MeV,

I‘p/F = 0.86. The R-matrix formalism is used to fit the excited state yield and

extract the population probability. The related R—matrix parameters are, E,\ = 129

KeV, 72(d) = 780 KeV, 1.1 = 0,ad = 7 fm, 72(p) = 12 KeV, I, = 2, a, = 7 fm, with

boundary condition parameters 84 = B, = 0. In order to fit the excitation energy

spectrum, it is necessary to shift the peak 150 KeV higher in excitation energy. This

shift may reflect 3-body distortions of the line shape due to Coulomb final state

interaction with the target residue. Such effects are large in the decay products
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Figure 5.13: The p- a correlation function measured in the 36Ar + 19"Au reaction at

E/A=35 MeV. The spectra obtained for peripheral and central collisions are shown

on the left and right hand sides, respectively. The solid lines depict the best fit to the

data, and the dashed lines depict extreme assumptions about the background used

to estimate the systematic uncertainties due to background subtraction.
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which have different charge to mass ratios [Poch 86]. Another wide excited state at

E" = 20 MeV were also included in the fit, but not analyzed further. Again, since

there is no stable 5Li ground state, the 6Li energy spectrum were used as input to the

efficiency calculation [Chen 88]. The extracted population probability in Table 5.2 for

the 16.66 MeV excited state can then be compared to the population probability for

the ground state of 5Li to extract an apparent temperature, which are shown as solid

points in Figure 5.18 for both peripheral and central collision gates. In this fashion,

the uncertainty of the efficiency calculation due to the lack of an energy spectrum for

5 Li will be canceled out.

6Li-—vd+a

The impact parameter selected correlation functions for the decay 6Li —» d + a is

shown in Figure 5.15. The left panel is the data gated on peripheral collisions and

the right panel is the data gated on the central collisions. The peak at E", z 0.71

MeV is from the decay of the 6Li excited state at E" = 2.186 MeV with spectroscopic

parameters J’r = 3+,I‘ = 0.024 MeV, l‘c/l‘ = 1.0. Also included in the fit is the

broad peak at E z 3 MeV, which is from the overlap of two resonances at 4.31 MeV

(F = 1.7 MeV, J1r = 2+, Fa/I‘ = 0.97), and 5.65 MeV (F = 1.5 MeV, J1r = 1"”,

I‘a/I‘ = 0.74). We include the line shape distortions caused by the Boltzman factor

exp(—E/T), with T = 4 MeV, in the fit to fit the broad peak better. The solid line

depicts the best fit to the data using the Breit-Wigner formalism. The two dashed

lines indicate two extreme assumptions for the background which are used to estimate

the systematic uncertainty in the fit. The energy spectra for stable 6Li fragments are

used for the efficiency calculation. The population probability in Table 5.2 is defined

relative to the yield of stable 6Li nuclei. Apparent temperatures extracted from the

first peak are shown in Figure 5.18 as solid points for both central and peripheral
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Figure 5.14: The d -3 He correlation function measured in the 36Ar + 19“'Au reaction '

at E/A=35 MeV. The spectra obtained for peripheral and central collisions are shown

on the left and right hand sides, respectively. The solid lines depict the best fit to the

data, and the dashed lines depict extreme assumptions about the background used

to estimate the systematic uncertainties due to background subtraction.
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collision gates. The population probabilities for the pair of states at E"; z 3 MeV

were statistically insignificant and were not analyzed further.

738 —+ 3He + a

The impact parameter selected correlation function for the decay 7Be —> 3H8 + a

are shown in Figure 5.16. The left panel is gated on peripheral collisions and the right

panel is gated on central collisions. The R-matrix formula was used to fit the peak at

E" = 4.57 MeV, with J1r = g-J‘ = 0.175 MeV, l‘c/I‘ = 1.0. The relevant R—matrix

parameters are, E; = 3.855 KeV, 72(0) = 1.595 MeV, IO, = 3,00, = 4 fm, B0, = —3. At

slightly higher energies are two peaks at E" = 6.73 MeV, with J1r = g: l" = 1.2 MeV,

I‘c/I‘ = 1.0, and E" = 7.21 MeV, with J’r = %_, I‘ = 0.5 MeV, I‘c/l" = 0.03. These two

peaks are analysed with the two level R-matrix formula [Naya 92]. The parameters for

the E“ = 6.73 MeV level are, E,\ = 9.007 MeV, 72(a) = 3.1 MeV, 1,, = 3, aa = 4 fm,

and for the E“ = 7.21 MeV level are, E), = 5.993 MeV, 72(0) = 0023,10, = 3, a0, = 4

fm, 72(p) = 1.2,1, = 1,a,, = 4 fm. Both sets of parameters were determined by

using the boundary conditions Ba = —3 and B, = —1 [spig 67, Bark 72]. The energy

spectra for stable 7Be nuclei were used to calculate the efficiency functions. The

population probabilities for the 7Be excited state at E" = 4.57 in Table 5.2 are

defined relative to the yield of stable 7Be nuclei. These population probabilities were

used to extract an apparent temperature shown in Figure 5.18 as solid points for

both central and peripheral collision gates. The population probabilities for the pair

of states at E" z 7 MeV were statistically insignificant and were not analyzed further.

7Be —+ p + 6Li

The impact parameter selected correlation function for the decay of 786 —-> p +

6Li are shown in Figure 5.17. The left panel is the data gated on peripheral collisions
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Figure 5.15: The correlation function of d+a measured in the 36Ar + 19"An reaction at

E/A=35 MeV. The spectra obtained for peripheral and central collisions are shown

on the left and right hand sides, respectively. The dotted lines are the estimated

background and the solid lines are the fits to the data explained in the text.
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Figure 5.16: The 3He—a correlation function measured for the 3"Ar + 19"An reaction

at E/A=35 MeV. The spectra obtained for peripheral and central collisions are shown

on the left and right hand sides, respectively. The solid lines depict the best fit to the

data, and the dashed lines depict extreme assumptions about the background used

to estimate the systematic uncertainties due to background subtraction.
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and the right panel is the data gated on central collisions. The peak at E"; z 1.6 MeV

is from the decay of the 7Be excited state at E“ = 7.21 MeV with the spectroscopic

parameters J’r = g-, I‘ = 0.5 MeV, I‘p/I‘ = 0.97. The Breit-Wigner formula is used

to fit the energy spectrum. The energy spectra for stable 7Be fragments are used

to calculate the efficiency functions and the extracted population probabilities are

given in Table 5.2. The population probabilities in Table 5.2 for 7Be“ excited state

at E“ = 7.21 are compared with 786 stable yields, and also with the population

probability of the state at E" = 4.57, to obtain the apparent temperatures for central

and peripheral collision gates, shown in Figure 5.18 as solid points.

Obviously, the apparent temperatures shown in Figure 5.18 are not all equal. Some

modifications of population probabilities and apparent temperatures are expected due

to the sequential feeding of these states by heavier particle unstable fragments. To

see what value of the initial temperature of the sequential decay calculation will best

fit the overall measurement, we calculated the xfi(T) defined by,

 

X3611): £2 (1‘:sz — cal,i(T))2.
(53)

”5:1 ”exp,i + deal,3'

Here the summation is over the five measured apparent temperatures. Tm”,- is the

apparent temperature calculated from the experimental data and shown as the solid

points in Figure 5.18. T is the initial temperature of the sequential decay calculation

and Tcam-(T) is the apparent temperature calculated in analogy to the experimental

apparent temperature Tam, using the final calculated population probabilities. 0;?

is the experimental uncertainties, and am“ is the theoretical uncertainties due to

the unknown spin and parities. Figure 5.19 is the plot of X2(T) as a function of T,

the initial freezout temperature assumed in the sequential decay calculations. The

upper panel is for the central collision gate and the lower panel is for the peripheral

gate. The x2(T) has its minimum between 4-5 MeV for central collision gate. The



130

197A (“An °m)x, E/A=35MeV
WNW,

2057'Ivl' I l [
ltruvlv 

A
l

L
A

L
A

2.0 - Peripheral -- Central

1
l

L
l

I
'
7

I
V

1
J

 

R
(
q
)

+
1

 
—

-I

1

 
 1IJ LFLJLALLLLL

4 6 8

Figure 5.17: The p —° Li correlation function measured for the 38Ar + 19"Au reaction

at E/A=35 MeV. The spectra obtained for peripheral and central collisions are shown

on the left and right hand sides, respectively. The solid lines depict the best fit to the

data, and the dashed lines depict extreme assumptions about the background used

to estimate the systematic uncertainties due to background subtraction.
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minimum for peripheral gate is at 3-4 MeV. The minimum of X2(T) function for

central collision gate is smaller than for the peripheral gate, meaning the measured

data from the central collisions deviates less from an initially equilibrated system

than the peripheral collisions. Greater equilibration for the central collisions is in

agreement with the conclusions derived from the excited states of 1"B nuclei discussed

in the previous section.

In Figure 5.18, we plot as the open points, the predictions of the sequential decay

calculations for the apparent temperatures for an initial temperature of T = 4 MeV as

the open points. The error bars here corresponds to a range of calculated values for 12

calculations for different assumptions about the unknown spins and parities of excited

states included in the calculation. Clearly, this figure also shows that the calculations

are in better agreement with data for central collisions than for peripheral collisions.

Again, this observation is consistent with the trend observed for 10B excited states.

To summarize all the comparisons between measurements and calculations for the

excited states of intermediate mass fragments emitted in the 36Ar +197 Au reaction at

E/A=35 MeV, we plot both X3 analysis from Figure 5.12 and 5.19 in Figure 5.20. The

open circles are for 10B excited states, the solid squares are for ”Li and 7Be excited

states. The upper panel is for central collisions and the lower panel is for peripheral

collisions. For central collisions, both xi analysis yield minima for T 2:: 4—5 MeV. The

overall value for X: are close to one, indicating that the experimental and theoretical

excited state populations are close to being in statistical agreement. In contrast, the

minimum for 10B excited state populations in peripheral collisions occurs at T w 5

MeV. For ”M and 7Be excited states, the minimum occurs at 3-4 MeV. The overall

X3 for peripheral collisions are rather large, indicating a significant disagreement

between theoretical and experimental population probabilities.
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Figure 5.18: The compilation of extracted temperatures of 8Li, 5Li, and 7Be nuclei

in the reaction of 3"Ar + 19"Au at E/A=35 MeV with peripheral(lower) and cen-

tral(upper) collisions gate. The solid points are experimental measurements and the

open points are the results of sequential decay calculation for an initial temperature

of T = 4 MeV.  
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To summarize this chapter, the impact parameter dependence of excited state

populations of intermediate mass fragments has been investigated with a 41r charged

particle array. Non-statistical populations, indicative of non-thermal excitation mech-

anisms, are observed in peripheral collisions characterized by low associated charged

particle multiplicities. These effects largely disappear for central collisions, consis-

tent with a trend towards greater thermalization as the complexity of the breakup

configuration is increased. The remaining discrepancies observed in central collisions,

however, indicate that the limit of local equilibrium has not yet been observed.
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Chapter 6

Summary and Conclusions

In this thesis, we have measured two particle correlation function and excited state

populations for 3He-l-Ag reactions at Em", = 200 MeV, and 36Ar+197Au reactions at

E/A = 35 MeV. Two-proton correlation functions measured for 3He induced reactions

on Ag at Eben", = 200 MeV increase dramatically with the energy of the detected

protons. Consistent with other correlation function data, these measurements suggest

that the spatial extent of the emitting region is governed initially by the overlap of

the projectile with the target. For proton energies less than 50 MeV, the measured

correlation functions gated on the proton energies, are consistent with those predicted

by the Boltzmann-Uehling-Uhlenbeck equation. This suggests that the localization in

spacetime of the emission of protons with these energies is reasonably well described

by the model. The correlation functions of more energetic protons are underpredicted

by the model, an effect which may reflect remnant spin correlations from the ground

state of the 3He projectile. The source radii extracted from two proton correlation

functions has been compared with other projectile induced reactions. This comparison

suggests a natural scaling of the correlation functions for energetic protons with the

projectile mass. The extracted source size scale with the projectile radius, A33,-

[Zhu 91]. The source radii extracted for low energy protons, however, do not follow

this scaling relationship because of a large contributions from evaporative processes
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which have large source lifetimes. Thus one might expect that correlation functions

which have large contributions from evaporative processes would not be sensitive to

the source radius. This may explain why the measured correlation functions for proton

and 14N induced reactions on Ag at incident energies of 500 MeV, which included all

protons above the detection threshold, showed no sensitivity to the projectile radius

[Cebr 89].

The gaussian source radii extracted from d-a correlation functions have also been

compared with other measurements, and a similar scaling relation have been obtained.

This scaling relationship was actually obtained from the scaling relationship for p-p

correlation functions and simply multiplied by a factor of 0.7. This scaling factor,

0.7, may reflect the fact that the mean free paths for deuterons and alpha particles in

the nuclear medium are somewhat shorter than the mean free paths for protons. This

would make the effective source volume for emission of these two particles smaller.

The source radii for d — a correlation functions follow the scaling line quite nicely,

even at low energies, in contrast to the p-p correlation systematics, where the data

at low energies deviate significantly from the scaling trend. This may reflect the fact

that the contributions to the deuteron spectra from evaporative processes are smaller

than for protons.

In this thesis experiment, we also measured excited state populations for 5Li and

6Li nuclei. At forward angles, where pre-equilibrium processes were dominant, the

extracted emission temperature from the excited state populations was about 4 MeV,

consistent with the 3-5 MeV range established from the systematic studies of excited

state populations [Chen 88]. At backward angles, the extracted emission temperature

was about 1 MeV, corresponding to a relatively cold target—like residue. This latter

result is consistent with the predictions of the quasiparticle dynamics model.

For my second thesis measurement of 36Ar +197 Au reactions at E/A = 35 MeV,
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we investigated the impact parameter dependence of excited state populations for

intermediate mass fragments using the high resolution hodoscope and the Miniball

47r charged particle array. A strong population inversion, indicative of non—thermal

excitation mechanisms, was observed for excited states of 10B nuclei measured for

peripheral collisions characterized by low associated charged particle multiplicities.

This results is consistent with the observations previously reported for the 1“N + Ag

reactions at E/A = 35 MeV [Naya 89, Naya 92], which motivated this measurement.

These population inversions largely disappear for central collisions, consistent with a

trend towards greater thermalization as the complexity of the breakup configuration

is increased. Small discrepancies between measured and calculated population prob-

abilities observed for central collisions indicate that the limit of local equilibrium has

not yet been observed [Zhu 92].

Additional comparisons of experimental and calculated population probabilities

were made for 5’6Li, and 7Be fragmentation products. As observed for the 10B excited

states, the difference between measured and calculated population probabilities were

smaller for central collisions than for peripheral collisions. This suggest a general

trend of greater thermalization in central collisions than in peripheral collisions.

Impact parameter selected deuteron-alpha correlation functions have also been

measured in this reaction by gating on the charged particle multiplicity. The extracted

source size from d — a correlation functions is larger for central collisions than those

observed for peripheral collisions. This is consistent with the trends predicted by the

participant spectator model and by BUU simulations [Goss 77, Gong 91].
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